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ABSTRACT
A study was conducted to investigate the low temperature combustion (LTC) regions of aerospace
F24 and ULSD in the static setting of a CVCC and the dynamic setting of a CRDI research engine.
This research is conducted to reduce in-cylinder emissions by understanding and implementing
a technique to achieve an extended LTC. Emissions data for this study were collected during the
operation of the CRDI research engine with a MKS 2030 FTIR and an AVL Microsoot 483. The
parameters researched within the static setting of the CVCC included the determinations of the
cool flames and NTC regions within the LTHR region. Investigations using the CRDI research
engine included eight trials. These trials consisted of a baseline for each directly injected fuel, a
trial with 0.24 bar of boosted intake air, a trial with 20% of recirculated exhaust gas, and finally
a trial with PFI injections of a low reactivity bio-alcohol, n-butanol, during the intake stroke to
cool the combustion chamber. PFI parameters also include additions of 0.24 bar of boost, 10%
recirculated exhaust gas, and a pilot direct injection 60° BTDC. The low reactivity PFI fuel is
utilized to facilitate an extended LTC. The CVCC results concluded with F24 and ULSD obtaining
equal values for peak pressure and peak temperature, with the values of 42.3 bar and 1837.5 K,
respectively. F24 maintained a longer period of cool flame formations and overall LTHR with

values of 1.6ms and 1.96ms, respectively. The mass fraction burned results of ULSD within both
the CVCC and dynamic setting of the CRDI research engine yielded better efficiency than F24
in nearly all trials. The trials implementing a LTC method within the CRDI research engine, was
found to extend the low temperature combustion region of both F24 and ULSD. PFI trials reduced
ignition delay by approx. 3 CAD and massively reduced soot emissions of ULSD and F24 by 9.9
and 2.5 times, respectively, compared to ULSD at baseline parameters. This reduction of soot was
the greatest in-cylinder emissions reduction in the entire study. ULSD performed better overall in
gaseous emissions outputs.
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Top Dead Center
Unburnt Hydrocarbons
Ultra-Low Sulfur Diesel
Volatile Organic Compounds
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CHAPTER 1
INTRODUCTION
1.1

The History of the Internal Combustion Engines and Their Fuels
John B. Heywood, the author of arguably the most influential internal combustion en-

gine book, states that there are currently about 2 billion internal combustion engines in use today
(Heywood 2018). Internal combustion engines harness the chemical energy present in liquid fuel
to create mechanical work. This mechanical work is produced by utilizing the expanding gases
produced by the combustion of the injected fuel to the top of a moving piston. Early internal combustion engines operated at atmospheric pressure in-cylinder with an air-coal charge utilized as its
fuel ignited with a spark. These engines had a very poor efficiency of about 5% (Cummins 1976).
The origin of the modern internal combustion engine began with Nicolas Otto. He created the
first spark ignition internal combustion engine using the modern 4-stroke cycle dubbed the “Otto
cycle” engine, or ottomotor. This engine was the product of Otto’s invention of an idealized thermodynamic cycle, the Otto cycle, in 1876. (Otto 1887, WU 2019) In 1897, Rudolf Diesel invented
the first successful diesel engine, the Model 250/400. The diesel engine ignites its fuel/air charge
using compression and heat, instead of compression and a spark like Otto’s engines (Cummins Jr
2000). One of these Model 250/400 engines are on display in the German Technical Museum in
Munich.
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Figure 1.1: Rudolf Diesel’s Model 250/400 (Cleynen 2011)

1.2

Fuel Delivery Systems
Pivotal improvements to the internal combustion engine platform to increase efficiency

and power included improvements to the fuels and fuel delivery systems. Early gasoline and
diesel/kerosene engines utilized various carburetors to create the proper air/fuel charges that allowed the engines to operate properly. Gasoline fuel is very volatile; thus, the carburetor was
adequate to produce a fuel-air charge needed to reliably operate a gasoline engine. Compared
to gasoline, diesel is much less volatile and does not vaporize as easily, so early diesel engines
required these carburetors to be heated to aid in the vaporization of its fuel (Cummins 1976). Carburetors utilize Bernoulli’s principle of differential pressure by flowing high-speed, low-pressure
air over the atmospheric pressure fuel held within the carburetor. This effect, combined by the
vacuum produced during the intake stroke of the engine causes the fuel within the carburetor to
be pulled from the fuel-jets within carburetor into the combustion chamber of the engine. However, compared to modern electric fuel injection, the carburetor has less efficiency with less power
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production and worse emissions outputs. The carburetor has been phased out in both gasoline and
diesel engines in light to medium duty automobiles. The phasing out of the carburetor is also related to the downsizing and shrinnking of displacement of modern gasoline engines for light-use
automobiles. The last new American automobile produced with a carburetor was the 1991 Jeep
Wagoneer, produced by the Chrysler corporation (Storer 1997). The Figure below is a Holly gasoline carburetor, this design and other design of carburetors were utilized extensively in pre-1980
gasoline-powered automobiles.

Figure 1.2: Holley 4-barrel universal gasoline carburetor (Holley. (n.d))

Modern fuel delivery system for internal combustion engines is electronic fuel injection,
directly in-cylinder above the piston. This method utilizes a computer that is monitoring engine
speed, engine load, intake air speed, intake air pressure, intake air temperature, and the amount of
oxygen is present in the exhaust after the combustion event to send electric signals to the injectors
to inject a precise amount of fuel for optimum efficiency and emission outputs. High pressure
fuel rails are utilized for both diesel and gasoline engines when their injectors are placed directly
in-cylinder for fuel delivery. The evolution of diesel engines has required high fuel injection pres-
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sure and direct injections of fuel on the piston. Electronic fuel injection has increased efficiency
compared to the mechanical fueling systems in diesel engines. Without a spark plug to ignite the
charge, the piston geometry of the diesel engine is paramount to the combustion phasing and flame
front of the air-fuel charge. Various designs of the piston-bowl geometry have been utilized for the
most optimal compression ignition behavior to produce the best flame front for the specific engine.
The Figure below is the piston-bowl geometry utilized in the CRDI instrumented research engine
for this study.

Figure 1.3: CAD Model of CRDI Research Engine Piston Geometry, Cross-Section
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Figure 1.4: CAD Model of CRDI Research Engine Piston Geometry, Full Model

Modern gasoline direct injection (GDI) has its own constraints. Due to the need of a
spark plug to ignite the injected fuel charge, precision machining of the engine block and injector
nozzle is needed to implement the injector. This is needed so the injector does not impede the
sparkplug and overhead valves in-cylinder. Additionally, a port injector is also used to clean carbon
build-up from the intake valve, and to aid in engine performance. The Figures 1.5 and 1.6 compare
electrically controlled direct injection methods of fuel in both diesel and gasoline platforms for
modern light to medium duty vehicles.

Figure 1.5: Bosch Gasoline Direct Injection Aided with a Port Fuel Injection (Bosch 2022)

19

Figure 1.6: CAD Model for the CRDI Research Engine Direct Injection for this Study.

The beginnings of emissions mitigation of the internal combustion engine did not begin
until 1970 with the creation of the Environmental Protection Agency (EPA) through the Clean Air
Act of 1970 (United States of America 1970). Before the EPA and governmental regulation of
internal combustion engines and their fuels, World War I was raging in Europe. During this time,
General Motors began investigating the operation of internal combustion engines and how fuel
affects combustion for the war effort. The largest problem with early engines was knock, which
is unwanted combustion events occurring outside the desired combustion envelope for the specific
engine. Their solution to better aid in knock resistance was to use tetraethyl lead as an additive to
gasoline. This created a myriad of problems with respect to the gaseous emissions outputs of these
early engines with newly lead infused gasoline products (Agnew 1978).
The problem with utilizing lead as an additive to gasoline began to appear during the
increasing use of internal combustion engines from 1940’s through the 1960’s. The gaseous emissions from these engines contained lead that is very toxic to human health. Additionally, the
increased use and reliability of internal combustion engines in the United States began the smog
problem. This smog is the result of reactions between gaseous unburned hydrocarbons and N Ox in
the atmosphere reacting with sunlight (Haagen-Smit 1952). Compared to gasoline engines, diesel
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engines emitted more soot and smoke particles, as well as N Ox and unburned hydrocarbons, due
to the nature of diesel combustion. With the movement of goods throughout the United States
becoming easier with the construction the of interstate system in 1956, the use of the diesel engine
for the trucking industry overtook gasoline engines and began to increase the use of diesel engines
dramatically. In all, with more combustion engines in use, the regulation of their gaseous emission
outputs needs to be regulated.
Internal combustion engines have massively aided in the development of the modern
world economy, but at the sacrifice of air pollution (Narayan 2016, Saidi and S. Hammami 2015).
Also, the creation of the EPA lead to new emissions standards and regulations (United States of
America 2022). This process began to alter the development of the internal combustion engine for
the betterment of human health and progress.
Recently, the EPA and other world governments have placed more stringent policies
on internal combustion engines in the transportation sector, as a stride towards carbon emissions
neutrality begins (United States of America 2022, Government of Canada 2022). However, due to
fully electric vehicles remaining their infancy, the internal combustion engine and their fuels will
still be heavily relied on for the foreseeable future (MIT Energy Initiative 2019, Kalghatgi 2018).

1.3

Exhaust Gas Aftertreatment Systems
Mitigation of gaseous emissions outputs from internal combustion engines have resulted

in the implementation of catalytic converters. These instruments were implemented in both gasoline and diesel engines. Catalytic converters utilize precious metals of platinum, palladium, and
rhodium to reduce N2O, unburned hydrocarbons, and CO gases from the raw engine exhaust gases
(Kritsanaviparkporn 2021). The internal structure of the precious metals within the catalysts are
in very tight honey-comb patterns to optimize the surface area the raw exhaust gas travel through.
However, diesel engines emit more large soot particles compared to their gasoline counterparts.
These large soot particles clog the catalytic converters used in gasoline engines due to the tight
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internal structures they are made with. Due to this, diesel engines have special made catalytic converters and even more exhaust aftertreatment systems implemented into the engine. These additional after-treatment systems include the Diesel Oxidizing Catalyst (DOC), Diesel Exhaust Fluid
(DEF), a second catalytic converter called the Selective Catalytic Reduction (SCR), and the Diesel
Particulate Filter with a plethora of sensors needed to operate and monitor all these implementations are all added to mitigate emissions from the diesel engine. All these extra implementations
to treat the raw exhaust of the diesel engine are expensive and increase the price of these engines.
A solution to mitigate the exhaust emissions in-cylinder needs to be devised to bypass the need for
these expensive aftertreatment systems. Figure 1.7 includes an EPA Tier 4 after-treatment system
for a diesel engine.

Figure 1.7: Tier 4 EPA Approved Aftertreatment System for Diesel Engines (Deere 2022)
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1.4

The Purpose of this Study
A current development to aid in emissions mitigation without the use of expensive af-

tertreatment systems is using novel injection techniques to achieve Low Temperature Combustion
(LTC). The purpose of this study is to analyze and reduce the emissions outputs of compression
ignition engines in the combustion cylinder utilizing Low Temperature Combustion (LTC) techniques utilizing novel directly injected and port fuel injected fuels. This study is going to investigate the LTC and emissions characteristics of aerospace F24 and ULSD in a static setting of a
constant volume combustion chamber (CVCC) and the dynamic setting of a common rail direct
injection research engine.

1.5

Statement of Hypothesis
Implementing PFI injections of low reactivity n-butanol with a pilot injection of the DI

fuel within a boosted CRDI research engine with added EGR will result in:
1. A shorter ignition delay,
2. An extended period of the Low-Temperature Combustion regions for of both F24 and ULSD,
3. Decreases in the peak combustion temperature of both fuels, and
4. Great reductions of soot emissions and for both ULSD and F24 by amounts of almost 10
times lower.

1.6

Criteria of Success
The Investigations of the Low Temperature Combustion regions of F24 and ULSD in

both a Constant Volume Combustion Chamber and Common Rail Direct Injection Research Engine
must yield:
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1. Identify and relate LTC regions in static setting of CVCC and dynamic setting of CRDI
research engine.
2. Using preliminary results, produce a trial in the CRDI research engine that extends LTC
region of both DI fuels of F24 and ULSD.
3. Record and reduce in-cylinder emissions utilizing LTC extending trials.
4. Finally, create a repeatable study that can be built upon with future generations of graduate
students in the Aerospace and Automotive Combustion Laboratories at Georgia Southern
University.
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CHAPTER 2
LITERATURE REVIEW
2.1

Low Temperature Combustion
Low Temperature Combustion (LTC) and cool flame formations have been researched

since before Otto’s successful first engine (Davy 1817). Since the 1800’s, the research into the
formation of cool flames has become more understood and many different techniques have been
devised to reduce CI engine emissions in-cylinder. A part of modern LTC research dives into the
use of alternative fuels and novel injection techniques (Colket et al 2017). Soloiu et al. investigated
DI blends of ULSD and an alternative gas to liquid (GTL) fuel which was formed utilizing the
Fischer-Tropsch (FT) process. This DI blend was coupled with a large PFI injection of the bio
alcohol n-butanol to achieve LTC for emissions reduction. The PFI injection reduced the overall
combustion temperature during engine operation. The combination of the FT DI blend and PFI
injection of the n-butanol led to a 90% decrease in soot and N Ox emissions compared to the
baseline (Soloiu et al 2019).
Soloiu et al. conducted a study in a CVCC investigating the derived cetane number
(DCN), low temperature heat release (LTHR), and NTC region with an alternative F-T fuel. The
study included strategic manipulations of the injection pressure, combustion chamber temperature,
and injection pulse length of the CVCC. It was discovered that when any two of the three listed
parameters were reduced, the LTHR duration and energy release was increased. When any two
of the listed parameters were increased, the LTHR duration and energy release was decreased.
Lowering the set wall temperature of the CVCC increased the NTC region as well as increased
the LTHR energy release by 10%. Additional increases in the injection pressure or injection width
increased the combustion pressure of both fuels by at least 16% (Soloiu et al 2020).
Fang et al. researched the parallel between lowered N Ox emissions and increased durations of LTC during the combustion of biodiesel blends at low loads in a CI engine. This study
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is motivated by the increasing amounts of biodiesel that is being introduced at the service station
as well as the limited supply of fossil fuels continuing to be depleted daily. Fang et al discovered
more the biodiesel present in the blend delayed the ignition of the fuel and peak heat release rate
of the in-cylinder combustion. Additionally, the more biodiesel present in the blend increased the
LTC durations, in turn decreasing the N Ox emissions in-cylinder. (Fang 2008).
An investigation conducted by Kimura et al. used a single-cylinder direct-injection diesel
engine to reduce multiple different species of gaseous emissions without compromising fuel consumption. As a result, a new combustion concept called Modulated Kinetics (MK), which is a
low temperature premixed combustion system, is developed in this study. This concept can simultaneously reduce both N Ox and smoke emissions during engine operation in-cylinder. It was
confirmed by Kimura et al that the MK concept had the ability to accomplish the following: Make
the ignition delay longer than injection duration due to the combination of low compression ratio,
high injection pressure, and EGR cooling. As well as avoiding the increase in HC emissions due to
low compression ratio. Reducing smoke concentration to less than 1 Bosch smoke unit (BSU) in
the operating region when ignition delay is longer than duration. Finally, to reduce N Ox emissions
by over 98%, with the conventional N Ox reduction being 90-92%. (Kimura et al 2001).
Research conducted by Saccullo et al. presented findings using dual fuel direct injection
in a single-cylinder diesel engine. The main fuel was an alcohol fuel (methanol and ethanol were
tested), and ignition for this was provided by a small pilot injection of diesel fuel from a separate
injector. Emissions and fuel efficiency were compared to traditional diesel injection both with
and without EGR. Indicated thermal efficiency was found to increase by 3.5% and soot emissions
were considerably lowered 40 times or more, and N Ox was reduced up to 20%. This reduction in
emissions was attributed to the oxygen content and heat of vaporization differences of the fuels.
The greater turbulence due to more mass flow during the injection event–therefore, the alcohols had
higher rates of combustion at lower temperatures. However, the emissions of CO and hydrocarbons
were slightly increased for both methanol and ethanol fuels. In this technique, more than 95% of
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the diesel was successfully replaced with an alternative fuel, which implies that GHG emissions
may be reduced significantly by using this injection technique. Resulting in CO2 emissions at the
tailpipe were notably lower for similar N Ox emissions levels (Saccullo et al 2021).

2.2

Aerospace Fuel and The Fight Against Climate Change
Research F24 is an aerospace fuel that is modified from its parent fuel, Jet-A. This fuel

has included more additives for increased lubricity, corrosion inhibition, and it better dissipates
static charge without igniting than its parent fuel of Jet-A (Wang 2020). As the rotational speeds
of gas turbines increase, these additives aid in increasing the airworthiness of the aircraft which
utilize F24 (Gradzki 2020).
F24 is one of the leading fuels for the United States’ Military Great Green Fleet. In
2012, all US-based services except Alaska began to switch from JP-8 to F-24. In addition, all
USAF aircraft are certified to run a 50% Fischer-Tropsch fuel blend, which is expected to increase
in production in the future. In addition, the “Great Green Fleet” is intended to operate on 50% biofuel blends to increase operational range and reduce emissions. In 2016, the U.S. Navy deployed
its own “Great Green Fleet” which consists of ships using alternative fuel options in existing equipment. This was first demonstrated at RIMPAC in 2012 where the Navy demonstrated operational
capabilities with an advanced biofuel as a drop-in replacement for traditional fossil fuels (Kern
2021).
The fight against climate change now includes the U.S. military.
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Figure 2.1: The USS John C.Stennis Aircraft Carrier, A Member of the Great Green Fleet (Word, 2016)

The ongoing research to mitigate climate change surrounding internal combustion engines emission outputs is paramount to human health and world economics. The following journal
articles and EPA regulations include modern approaches to reduce Green House Gas (GHG) emissions from internal combustion engine operation.
In the US, 29% of carbon emissions are produced by the transportation sector, making
it the leading producer of greenhouse gasses, surpassing even the power sector. In 1975, the Environmental Protection Agency (EPA) established the Corporate Average Fuel Economy (CAFE)
guidelines which updated passenger vehicle emissions standards. In 2010, it was updated to include greenhouse gas emissions standards as well. Lastly, an executive order in 2021 set a nonbinding goal to make 50% of all passenger vehicles zero-emissions (Center for Climate and Energy
Solutions 2022).
According to studies conducted by the EPA from 1990 until 2020, it was found in 2019
that carbon dioxide makes up 81% of all greenhouse gases. Since the time of the Industrial Revolution in the 1800’s, atmospheric concentrations of CO2 have increased by nearly 45%, which
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is an enormous increase. The effects of increased ammounts of carbon dioxide in the atmosphere
causes a variety of negative effects, such as extreme weather, pollution, smog, global warming, and
the extinction or endangerment of climate-sensitive species of animals and plants. This is caused
by several factors. The largest of these factors is the use of fossil fuels. The breaking down of the
molecular structure of these fuels, via internal combustion engines, releases carbon dioxide and
other particulate matter directly into the atmosphere. Another factor is deforestation. Trees naturally absorb carbon dioxide as part of photosynthesis, and the mass removal of trees mitigates the
absorption of carbon dioxide globally. To combat this, many nations around the world are planning
to pass laws and set goals to reduce all types of emissions due to fossil fuels (EPA 2022).
On the horizon, it was found that manufacturers have been able to steadily decrease the
emissions outputs of internal combustion engines by 3% on average every year since 1990 to 2020.
GHG emissions produced by aircraft are a function of the consumption and efficiency of the fuel.
It has been estimated that the CH4 , or methane, emissions from the use of jet engines in 2020 are
nearly zero. The most predominate emission from these jet engines are N2 O, which is produced
by the oxidation of atmospheric nitrogen (EPA 2022).
Nitrogen oxide is a gas that is produced from all types of vehicles when the fuel they
use is burned at high temperatures. Like other types of vehicle emissions, N Ox emissions are an
issue because of their reactivity. Once released into the atmosphere, N Ox emissions can bond with
volatile organic compounds (VOCs) to form ground-level ozone, which is toxic to human health.
Additionally, nitrogen oxides can react with ammonia to create a compound which can easily reach
and cause problems in the respiratory and cardiovascular systems. Which causes lung diseases and
aggravating heart conditions, both of which can lead to a premature death in humans and animals
(Arizona Department of Environmental Quality 2011).
The use of LTC concepts will reduce the amount of oxidation that will occur with atmospheric nitrogen. This is possible due to the low-temperature nature of LTC, it takes high
temperatures to produce N Ox emissions.
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CHAPTER 3
METHODOLOGY
3.1

Calorimetry
The Calorimetry is the analysis of the energy content and heat of combustion of fuels.

This measurement is needed to analyze the fuel efficiency and thermal efficiency of the research
engine. A Parr 1341 constant volume calorimeter with an insulated plane jacket paired with the
Parr 6772 calorimetric thermometer is utilized to perform this analysis. The fuel sample and testing
take place in the Parr 1341, while the Parr 6772 controls and monitors the experiment. The constant
volume calorimeter as well as a CAD model of the instrument internals are seen in Figure 3.1.

Figure 3.1: Constant Volume Calorimeter, Parr 1341, and CAD Model of the Calorimeter’s Internals

Calorimetry of the fuel begins with approximately 0.5 g of the research fuel to be placed
into the crucible, then into the housing fitted on the lid of the stainless-steel test chamber. A Nialloy fuse wire which is strung between two electrodes is then hung above the fuel sample. An
electric current will travel through this wire which will ignite the fuel sample in the crucible. The
wire and crucible are lowered into the stainless-steel test chamber, where it will be pressurized
with 25 atm of O2 and submerged into 2 kg of deionized water. This assembly is then placed
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within the insulated jacket of the Parr 1341. The lid of the insulated jacket is fitted with a Ktype thermocouple as well as a rotating propeller that introduces a swirl into the deionized water.
The introduction of the swirl is required for the uniform heating of the water after combustion of
the fuel. This swirl enables the thermocouple to accurately measure the change in temperature
the water undergoes from the combustion occurring within the sealed combustion chamber. This
determines the gross heating value of the fuel. After the determination of the gross heating value,
the net heating value (Hnet ) is then acquired using equation 3.1.

Hnet = 1.8Hc − 91.23H

(3.1)

The value Hc , as seen in equation 3.1, represents the gross heating value. H is representative of the precent of hydrogen in the sample. Hnet is also denoted at the LHV of this study.

3.2

Viscosity
Viscosity is the measurement of a fluid’s resistance to deformation or flow. The viscosity

of a fuel is paramount to its performance in engines. Viscosity has a significant effect on injection
atomization and rate of fuel delivery throughout the fueling system. Additionally, viscosity has an
influence on the fuel efficiency and emissions outputs in CI engines (Cecrle 2021).
During injection, fuels with a higher viscosity do not atomize into the nano-scale droplets
that are needed for the spray to undergo a complete combustion in-cylinder. Thus, many unburned
hydrocarbons are produced, and efficiency of the engine suffers. Fuels with a lower viscosity,
when injected, atomize into fine droplets which have a larger surface area for the combustion to
propagate throughout the spray.
The viscosity analysis in this study is performed with a Brookfield Viscometer DV-II
+Pro. This instrument measures the amount of force that is required to rotate a fluid-specific
spindle that is submerged in the test fluid to calculate the viscosity of the test fuel.
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The viscosity analysis procedure calls for approximately 7mL of the test fluid for the
spindle to be submerged into. The spindle (spindle SC-18 is used for all testing for it is specified
for diesel-like fuels) is rotated at a speed of 200 RPM while undergoing a gradual temperature
increase from 26° C to 90° C. Viscosity measurements are recorded every 2° C.
The temperature increase is accomplished by heating and circulating coolant around
the test chamber with an external heater and pump system, which is controlled with an Omega
temperature controller. The Rheocalc software is utilized for all testing and records the temperature
increases, which is imported into Excel for analysis. Figure 3.2 contains the Brookfield Viscometer
DV-II +Pro and a schematic of the spindle and test chamber for which all testing takes place.

Figure 3.2: Brookfield DV-II +Pro Rotational Viscometer (Amtek Brookfield n.d.)

The shear rate, γ̇, and shear stress, τ , is utilized for the determination of the dynamic
viscosity, η, of the fuel. Shear rate γ̇ is measured in s−1 , ω (angular velocity) is measured in

rad
,
s

Rc and Rs are the radii for the test chamber and the spindle; respectively. L is the length of the test
chamber measured in meters, M is the measured torque of the motor in N · m, τ is the shear stress
measured in

N
m2

, and finally the dynamic viscosity is denoted by η and is measured in Pa · s. The

geometry of the spindle is optimized for diesel-like fuels. The geometry and angular velocity of
the spindle is provided by the manufacturer.
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The following equations are utilized for the final determination of the dynamic viscosity
of η.

γ̇ =

2ωRC2
Rc2 − Rs2

(3.2)

τ=

M
2πRs2 L

(3.3)

τ
γ̇

(3.4)

η=

3.3

Shimadzu DTG-60
The Shimadzu DTG-60 is a measurement instrument that is utilized for the differential

thermal analysis (DTA) and thermogravimetric analysis (TGA) of the researched fuels in this study.
This apparatus identifies both chemical and physical characteristics of materials that are researched
within. These properties include transition temperature, melting point, temperature of reaction, and
change of sample mass throughout testing. For this study, the Shimadzu DTG-60 has been specified
exclusively for analysis of fuels. Testing parameters include a constant rate of temperature increase
in increments of 20° C/min and a constant air purge air flow rate of 15 mL/min. The testing
temperature range begins at approximately 26° C and concludes at 600° C. approximately 570
measurements of temperature, voltage, and mass are recorded simultaneously during the analysis.
For each experiment with the Shimadzu DTG-60, a baseline measurement is taken for calibration
purposes. The baseline is an inert alumina powder that loses little to no mass while undergoing
high temperatures. The Shimadzu DTG-60 apparatus and internals are shown in Figure 3.3.
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Figure 3.3: Shimadzu DTG-60

3.4

Malvern He-Ne Mie Scattering Laser
Injection of fuel is one of the most important aspects of internal combustion engines.

Additionally, the size and distribution of droplets in the spray profile are paramount to the performance of the engine (Kanth 2022). A study into the performance of the spray droplet atomization
of the various research fuels is conducted with a Malvern Spraytec Mie Scattering He-Ne laser
(632.8 nm wavelength). The laser utilizes various equations to calculate the average Sauter mean
diameter (SMD) of the droplets as well as the frequency of each droplet size with a specified range.
The scattering of non-polarized laser light caused by a single spherical particle, or droplet, can be
described mathematically by equation 3.5.

I(θ) =

I0
([S1 (θ)]2 + [S2 (θ)]2 )
2k 2 a2

(3.5)

Where I(θ) is the total intensity of the scattered light as a function of angle θ with respect
to a forward direction. (k) is the wave number

2π
,
λ

a is the distance from the detector to the scatter,

I0 is the illuminating intensity, and finally S1 (θ) and S2 (θ) are complex functions describing the
change of amplitude in the parallel and perpendicular polarized light.
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The difference between Mie scattering and Fraunhofer theory is that Fraunhofer theory
does not require the optical properties of the particle to be known. This allows the theory to be
applied in many different scenarios for the measurement of various droplet shapes. This theorem
allows for more practical applications by simplifying the dimensionless size parameter to a =

πx
.
λ

The simplification of I(θ) with this theorem is depicted in equation 3.6.

I(θ) =

I0
4 J1 (α)
)
α
(
2k 2 a2
αsinθ

(3.6)

Mie scattering theory is used to predict the light scattering behavior of any material under
any conditions. In this study the different materials are the different experimental research fuels
in consideration. The semi-opaque droplet with light traveling through it causes the scattering of
incident waves that produce unique diffraction patterns. By applying both theories, the SMD of
the fuel can be determined. SMD is the average diameter of droplets with an equivalent surface
area to volume distribution. Equation 3.7 is the equation for SMD (Azzopardi 2011)
1
R∞
P
P −q
n(D)D
dD
DP Q = R0∞
n(D)DP dD
0

(3.7)

The experimental set-up for the spray droplet distribution analysis is seen in Figure 3.4
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Figure 3.4: Spraytec Mie Scattering He-Ne Laser, Experimental Apparatus.

This system consists of a single orifice pintle type injector. This injector is chosen for
its versatility with both gasoline and diesel injection systems. It can be referred to as a “witness”
injector. The tip of the injector is positioned 100 mm away from, and perpendicular, to the beam of
the He-Ne laser. A pneumatic cylinder is utilized to trigger the injector to break and inject fuel at a
pressure of 180 bar. Using a pneumatic cylinder to trigger the injection pump creates consistency
and exact repeatability between sprays. The Malvern He-Ne laser contains 36 sensors of which 28
are used (sensors 8-36) in this study. Spray data acquisition begins 0.1 ms before the spray enters
the path of the beam and concludes after 5 ms of measurements. The sampling rate of the laser
is 10 kHz with an accuracy of ±0.5 µm. Collection of the raw spray data is used via the Spraytec
software and is imported into Microsoft Excel for post processing.
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3.5

Constant Volume Combustion Chamber
The PAC CID 510 constant volume combustion chamber (CVCC) is the research instru-

ment that will be used for the preliminary combustion analysis of the research fuels. The preliminary analysis is an analysis of the fundamental combustion of the fuels in a static environment with
no moving wall, unlike the research engine. This apparatus is comprised of five key components.
Component 1 is the high-pressure fuel rail, component 2 is the BOSCH 6 orifice high pressure fuel
injector, component 3 is the constant volume combustion chamber, component 4 is a Honeywell
piezoelectric dynamic pressure sensor for the combustion chamber, component 5 is the injection
pressure sensor. A CAD model of the five key components is seen in Figure 3.5. Additionally, a
CAD model of the cross-sectional view of the combustion chamber and the injection spray profile
is provided.

Figure 3.5: CAD Model of the PAC CID 510 Key Components.

In this study, the ASTM D7668-14a. standard research parameters for DCN determination is utilized for all experimentation with the constant volume combustion chamber (ASTM
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D7668-14a 2014). These parameters are displayed in theTable 3.1. Additionally, equation 3.8 is
used to calculate the DCN after the parameters of ignition delay (ID) and combustion delay (CD)
have been analyzed with the CVCC.
Table 3.1: ASTM D7668-14a. Parameters for DCN Determination

DCN = 13.028 +

−5.3378 300.18 −12567.90 3415.32
+
+
+
ID
CD
CD2
CD3

(3.8)

The PAC CID 510 is paired with the LAUDA Alpha RA chiller that is an external chiller
that maintains the coolant temperature of 50° C for all the testing in the apparatus. Ultra-high purity compressed O2 and N2 are utilized to provide the most practical and repeatable environment
for under which the combustion can take place in the test chamber. The gas is made up of approximately the same blend of nitrogen and oxygen of the earth’s atmosphere, 20% oxygen and 80%
nitrogen. The PAC CID 510 and LAUDA Alpha RA chiller are depicted in Figure 3.6.

Figure 3.6: LAUDA Alpha RA chiller (left), PAC CID 510 (right) Experimental Set-up.
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For each experiment, there is a specific series of loading of the test fuel, conditioning
cycles, and experimental cycles with the loaded fuel that the PAC CID 510 completes. Each DCN
determination experiment includes 5 conditioning cycles and 15 testing cycles. Each cycle includes
an injection event, combustion, and exhaust. The conditioning cycles are performed for the sake
of having the currently loaded fuel to be the only fuel in the system and to purge out any other
fuel that may have remnants in the lines. The conditioning cycles are also needed to stabilize the
test chamber for the 15 main injections. If there are discrepancies of injection pressure, chamber
pressure, chamber temperature, ID, CD, or DCN during the conditioning cycles, the experiment
will be aborted and the 15 test cycles will not be performed. When the conditioning cycles are
completed within specification, the 15 testing cycles are performed, which the ID, CD, and DCN
of the research fuels will be determined. The pressure traces of the 15 cycles are exported and
further analyzed in Microsoft Excel. The data acquisition rate of the apparatus is in increments of
0.04 ms per data point, for 250 ms of measurement time.
The apparent heat release rate (AHRR) is the primary measurement that will be analyzed
further to determine combustion phasing of the research fuels. This measurement is determined
through the first law of thermodynamics. Due to the constant volume nature of the combustion
chamber, a closed system equation is utilized for this analysis. The injected fuel is assumed to
create a homogeneous mixture in the chamber, the average specific heat ratio is constant, the
volume is held constant, as well as a wall temperature of 595.5° C is held constant during all
testing. With all the previous factors mentioned, the efficiency of combustion is treated as 100%
efficient with the heat transfer to other components of the system being neglected. The measured
AHRR is defined as the amount of energy that remains within the chamber after the combustion
event takes place that increases the temperature of the environment for which the combustion event
took place.
1
dP
dQ
=
V
dt
γ − 1 dt

(3.9)
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The AHRR is calculated with equation 3.9, where V is the volume (constant), γ̇ is a
constant that is specific to the closed system variant of the first law of thermodynamics,
change of pressure over time, and where

3.6

dQ
dt

dP
dt

is the

is the AHRR measured in Watts (W).

Common Rail Direct Injection Research Engine
This study utilizes a research focused and instrumented 1.1 L single cylinder common

rail direct injection (CRDI) compression ignition (CI) engine. This research engine will be utilized
for all trials for both ULSD and F24 as the direct injected fuel with n-butanol as the port injected
fuel. The specifications of this research engine are provided inTable 3.2.
Table 3.2: CRDI Research Engine Specifications

The common rail high pressure fuel system is implemented with a piezo electric BOSCH
injector to enable precise delivery of the research fuel at the exact CAD increment desired. The
engine speed, DI injection timing, fuel injection pressure from the common rail system, and the
flow rate of the PFI fuel are controlled by the Compact Rio 9076 Drivven ECU. Paired with this
ECU is an Omron 3600 pulse rotary encoder which is utilized to track and measure the speed and
rotational position of the crankshaft. Real time high-speed data acquisition of the research engine
is depicted with AVL Indicom and a Yokogowa DL 850 oscilloscope. Real time measurements
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of the in-cylinder pressure, pressure rise rate (PRR), the coefficient of variability (COV), CA50,
and the apparent heat release rate are all monitored in real time using the AVL Indicom. Data
collection of in-cylinder pressure for analysis is retrieved from the Yokogowa oscilloscope and
post-processed in Microsoft Excel. A NI DAQ is utilized to measure the flow rate data for both DI
and PFI fuel, as well as the boost pressure.
A Kistler 6053cc Piezoelectric pressure transducer is used for measurement of the incylinder pressure. This pressure transducer is paired with a 5010B dual-mode amplifier to amplify
the voltage signal to detectable levels for the Yokogawa oscilloscope and AVL Indicom. A Kulite
pressure sensor was used for intake pressure monitoring. The mass air flow rate is measured using
a Meriam Z50MC2-2 Laminar Flow meter. The NI DAQ utilizes multiple 213 Maxx Flow meters
for the collection of both DI and PFI fuel flow.
Emissions data is collected using an MKS FTIR 2030 and an AVL Model 483 Microsoot
analyzer. The MKS FTIR analyzes 21 emissions species (N Ox , THC, CO, UHC, Formaldehyde,
and CO2 ) during all the fired engine experiments over 2250 engine cycles. The MKS FTIR measures the emissions outputs of the research engine at a rate of 1 Hz. An AVL Model 483 Microsoot analyzer is the instrument utilized for collection of the soot emissions from the research
engine.Table 3.3 contains the measurement equipment and the accuracies of each of them. Figure
3.7 contains the full experimental set-up of the CRDI research engine.
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Table 3.3: CRDI Research Engine, All Research Instruments Accuracies

Figure 3.7: CRDI Research Engine, All Implemented Instruments
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The fired engine analysis includes the analysis of the cool flames and NTC regions of
the LTHR region of the AHRR. Additional examinations of combustion phasing include analysis
of the ignition delay, combustion delay, and CA 50. Finally, combustion stabilities will be analyzed
using the ringing intensity parameter (RI). These studies will be conducted over all the different
operation parameters investigated within the research engine.
Baseline parameters for all fired engine testing include an engine operating speed of 1500
RPM, SOI of 16° before top dead center (BTDC), a load of 5 bar IMEP, ambient air temperature
for intake temperature (approximately 40° C), a COV of less than 2.5%, and a fuel rail pressure
of 800 bar. Injection pulse width is determinate based on the operating parameters and researched
fuel being utilized. The injection pulse width is controlled with the Drivven ECU to maintain the
IMEP at 5 bar. Baseline analysis for each research fuel utilizes these parameters with no added
boost or exhaust gas recycling (EGR). These tests are designated as ‘CDC.’ Each researched fuel
will also have EGR or boost added during their fired experiments, but never simultaneously. EGR
trials include 20% EGR without any boost. Boost trials include 0.24 bar of added intake pressure
without any EGR.
The PFI experiments utilizing n-butanol as the PFI injected fuel use 10% EGR and an
equivalent boost pressure as the single fuel experiments of 0.24 bar is maintained. An early pilot
injection it used in the PFI experiments to prime the combustion chamber for the main injection
charge. This pilot injection is used to increase the combustion stability of the low reactivity PFI
fuel. The PFI trials were prone to knock when there is an absence of this injection early, priming
injection. The pilot injection is denoted as SOI-1 and the main injection is denoted as SOI-2. The
SOI-1 is injected at a CAD of 60° BTDC, with a set duration of 0.2 ms. SOI-2 maintains the CAD
injection timing of 16° BTDC with varied durations to maintain engine load. These parameters
were chosen for the PFI experiments due to preliminary research discovering that these lowered
both Soot and N Ox emissions simultaneously. The array of trials and their notations are inTable
3.4.
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Table 3.4: Operating Test Points

The CRDI research engine’s indicated diagram, which includes the opening and closing
of intake and exhaust valves as well as the injection strategy of this study, is displayed in Figure
3.8.

Figure 3.8: CRDI Research Engine, Indicated Diagram with Injection Strategy

The graphical representation of the injection strategy for all trials are displayed across
the indicated diagram. Trials which do not include PFI do not utilize the red PFI injection or SOI-1
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DI injection, only the SOI-2 injection.
As depicted in the Figure, the PFI injection is occurring while the intake valve is open,
and a vacuum is being drawn in-cylinder. The PFI injection will absorb in-cylinder heat and will
lower the intake and over all combustion temperature Once the intake valve shuts and pressure
begins to build, the 60° BTDC SOI-1 injection occurs early during the compression stroke. This
SOI-1 injection has an additional cooling effect in-cylinder. For all trials, the SOI-2 injection is the
main combustion inducing injection occurring at 16° BTDC, at approach 50 bar on the indicated
diagram.
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CHAPTER 4
THERMOPHYSICAL FUEL ANALYSIS AND RESULTS
4.1

Thermophysical Properties of the Researched Fuels, Overview
The thermal, physical, and physiochemical properties of the DI fuels have a profound

effect on the emissions and combustion phasing during combustion in internal combustion engines
(Pinchuk 2020, Lin 2012). Additionally, the understanding of these thermophysical properties aids
in the determination of the experimental parameters used in the fired engine testing (Chen 2022).
For example, if a fuel reflects thermophysical behaviors that may damage the research engine,
the fuel will not be used. For these reasons, an analysis into the thermophysical properties of the
research fuels is conducted and the results are provided inTable 4.1. All research apparatuses,
methods, and results of Table 4.1 will be discussed in this study. Additionally, all research into
the determinations in Table 4.1 were conducted at Georgia Southern University using in-house
equipment.
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Table 4.1: Thermophysical Properties of the Researched Fuels, Overview

4.2

Lower Heating Value Determinations.
The Parr 1341 constant volume calorimeter and Parr 6772 calorimetric thermometer were

utilized for lower heating value determinations. As mentioned in previous chapters, lower heating
value for fuels is a measurement of the energy capacity of the fuel. During the determinations
of the LHV, it was found that ULSD, and F24 resulted in approximately the same LHV of 41.8
MJ/kg. This was determined due to how close in relation the averaged experimental vales for
that ULSD and F24 were, which are 41.77 MJ/kg and 41.82 MJ/kg respectively. Each of these
values are within the experimental error of the Parr 1341 (±0.3%, or 41.8 ± 0.25). Additionally,
determinations of the fuel consumption and thermal efficiency in the fired engine results will be
simplified utilizing the value of 41.8 MJ/kg for all the researched fuels.
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4.3

Viscosity analysis
The results of the viscosity analysis of the three researched fuels are in Table 4.2.
Table 4.2: Viscosity Results

Figure 4.1: Viscosity Results, Graphed

F24 has a significantly lower viscosity than ULSD during the entirety of the temperature
range, with the curves of F24 and ULSD as displayed in Figure 4.1. All testing begins at 26°
C and completes at 90° C, with measurements recorded in intervals of 2° C beginning when the
testing chamber reaches 26° C. ULSD is more affected by the increase of temperature as it affects
its viscosity, as seen in the exponential nature of the ULSD curve. Additionally, beginning at
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a higher viscosity allows more drastic density and viscosity changes. Diesel has a reduction of
viscosity of 61% from 26° C to 90° C, where F24 has a reduction of approximately 48.5%. It was
found the aerospace fuel has more viscosity stability in an environment of increasing temperature.
F24’s reduced viscosity compared to ULSD will aid in the spray droplet formation of the fuel once
injected; however, it may have issues with lubrication of the injector and internally in the engine
(Urzedowska 2016, Tanaka 2013).

4.4

Differential Thermal and Thermogravimetric Analysis
Table 4.3 below contains the results of the thermogravimetric analysis. TA10, TA50 and

TA90 is representative of the temperature for which 10%, 50%, and 90% of the fuel mass has
vaporized during testing. A line is added on Figure 4.2 to easily identify these milestones during
testing. ULSD requires significantly more heat energy to vaporize compared to F24, this is signified by the larger temperatures needed to completely vaproized the fuel. F24’s mass vaporizing
at lower temperatures will aid in reducing the cooling effect caused by injection into the combustion chamber of either the CVCC or CRDI research engine. The physical cooling effect of fuels
directly injected into a combustion chamber will have an influence in LTCR, in both static and dynamic settings (Soloiu 2019, Soloiu 2020, Soloiu 2021, Soloiu 2022, Soloiu 2023, Zheng 2019).
Additionally, F24’s lower temperatures needed to vaporize the fuel will aid in the spray droplet
distribution after injection in both research apparatuses.
Table 4.3: Thermogravimetric Analysis (TA(° C))
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Figure 4.2: Thermogravimetric Analysis

The Differential Thermal Analysis (DTA) results are provided in Figure 4.3 below.
Within the results on Figure 4.3, the negative slopes are endothermic reactions, and the positive
slopes are exothermic reactions. F24 has a larger magnitude in its peak DTA with a value of -19.38
uV/mg, compared to ULSD’s -16.87 uV/mg. This larger magnitude is due to the rapid vaporization
of the fuel when it is undergoing an environment of increasing temperature. The steep endothermic and exothermic reactions undergone by F24 proves that it will quickly absorb and release heat
energy. ULSD contains heavier hydrocarbons within the fuel, thus it requires more heat energy
over an extended period. This affects the fuel injection characteristics and combustion phasing of
both fuels within the CVCC and CRDI research engine.
After 300° C, all the fuel present in the test chamber has vaporized, and only the heavier
fractions remain. The heavier fractions that are present in F24 cause another endothermic reaction
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event at approximately 350° C while the end of these heavier fractions are vaporized during the
DTA test. ULSD contains another large endothermic and exothermic reaction originating from the
vaporization of these heavier fractions occurring at approximately the same temperature as F24.

Figure 4.3: Differential Thermal Analysis

4.5

Injected Fuel Spray Mixture Formation, He-Ne Mie Scattering Laser
Internal combustion engines’ efficiencies are dependent on the quality of the injected

fuel spray. The mixture distribution of an injected fuel is paramount to the performance of said
engine (Jing 2015, Park 2015) The frequency of the droplet size of each spray and the average
SMD of the fuels over the time duration of the spray are displayed graphically in Figure 4.4. The
average SMD and largest droplet size per 10%, 50%,and 90% of the injected fuel spray is located
in Table 4.4.
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Figure 4.4: Injected Spray Droplet Distribution and SMD of Researched Fuels

Table 4.4: Injected Spray Droplet Distribution and SMD
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F24’s droplet distribution has a larger frequency of smaller droplets compared to ULSD
and a reduced SMD. The DV 10, 50, and 90 are measurements of the largest droplet size per
10%, 50% and 90% of the spray, as indicated in Table 4.4. An unexpected result of the spray
testing is the DV 90 of F24 is larger than that of ULSD, even though all other measurements are
smaller compared to ULSD. This is because the smallest droplets in the injected spray of F24 have
either completely vaporized or conjoined into larger droplets. Whereas ULSD’s small droplets do
not vaporize as often as F24 during the spray, thus have a significantly larger average SMD. The
injected spray droplet distribution can be attributed to the significantly larger viscosity ULSD holds
compared to F24. ULSD maintains this larger viscosity, SMD, and droplet size frequency with the
added benefit of lubricating injectors and reducing cylinder wall wear during engine operation (Tat
2021, Azad 2019).

4.6

CVCC Full Results Overview
Table 4.5 contains all parameters and measured values from the CVCC. These parame-

ters are all derived from the combustion pressure measurements collected utilizing the PAC CID
510 CVCC.
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Table 4.5: Full CVCC Results Overview

4.7

Constant Volume Combustion Chamber Pressure, Temperature and Mass burned
Each static combustion trial completed with the CVCC includes the 15 cycles of in-

jection, combustion, and exhaust. These 15 cycles are averaged to produce the final combustion
pressure trace. From these cycles, the combustion pressure is recorded with a piezoelectric dynamic pressure sensor that is located at the bottom of the combustion chamber. The gas within
the chamber is treated as an ideal gas, thus the ideal gas law equation is utilized to determine the
temperature of combustion. The chamber volume (V) and the number of moles of air (n) are constant in this determination. Additionally, the air within the chamber is treated as an ideal gas, so
the universal gas constant (R) is used. Finally, pressure (P) is measured with the sensor mentioned
above, thus the temperature (T) can be determined with equation 4.1.
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P V = nRT

(4.1)

Pressure is the direct measurement received from the PAC CID 510, the results of the
trials for ULSD and F24 are depicted in Figure 4.5. From SOI, 0 ms on the graph, before there is
a pressure increase due to the combustion of the fuel, the chamber pressure decreases. This is due
to the injection event. Injection of the fuel causes a cooling effect, which lowers the temperature
in the chamber resulting in a pressure drop. ULSD has a larger value for DCN, due to the ID and
CD of the combustion of the fuel is achieved in a shorter period than that of F24. It is evident
within the pressure trace that the LTHR period begins when the pressure of the combustion rises
above the baseline chamber pressure of 20 Bar. It takes a longer period for F24 to begin its LTHR,
while also maintaining a longer period of LTHR compared to ULSD. However, both ULSD and
F24 have peak pressures of approximately 42.3 Bar. The identical peak pressures are due to both
fuels containing approximately equal values for LHV, or energy density, of 41.8 MJ/kg. According
to the calorimetric results, both fuels release approximately the same amount of energy. This LHV
value translates to both researched fuels having similar amounts of energy and power production.
Although, the rates of energy release during the combustion event are different. The energy release
and heat release will be discussed further in future chapters.
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Figure 4.5: CVCC Combustion Pressure

Figure 4.6 is the pressure and temperature combined. Due to the use of the ideal gas law
and the assumptions made for this study, the curve of both pressure and temperature measurements
are identical. The ratio between the two measurements is 1:43.4, where every 1 bar of combustion chamber pressure equals 43.4 K. The peak combustion temperature for ULSD and F24 are
approximately 1837.5 K.
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Figure 4.6: CVCC Combustion Pressure and Temperature

Figure 4.7 contains an enhanced view of the peak of the pressure traces for the researched
fuels, focusing on the ringing events. The frequency of ringing events after combustion are indications of the stability of said combustion (Soloiu 2020, Soloiu 2021, Soloiu 2022). ULSD has
shorter an ID and CD compared to F24, thus having a larger DCN value. However, due to these
shortened parameters, ULSD has a significantly larger amount of ringing compared to F24 in both
magnitude and duration. While ULSD has a high autoignition value, it also produces less stable
combustion in the CVCC compared to F24. F24 has a shorter period of ringing events at a lower
magnitude compared to ULSD. Compared to ULSD, F24’s combustion in the CVCC is longer in
duration and has an extended ID and CD resulting in more combustion stability. The combustion stability of these fuels may influence the emissions output when implemented in the dynamic
setting of the research engine (Lhuillier 2020, Ji 2018, Jia 2019).
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Figure 4.7: CVCC Combustion Pressure, Ringing Intensity

The mass fraction burned results for the researched fuels are in Figure 4.8. MFB is
calculated utilizing equation 4.2. Power in MW is derived via AHRR calculations, it is possible to
determine the joules produced via the combustion of the fuel in the setting of the CVCC. Since the
LHV, 41.8 MJ/kg, for both F24 and ULSD are identical it simplifies the calculation.

Joules = P ower ∗ T ime

(4.2)

Within the test chamber, it is assumed the same mass of fuel is injected and all of the
injected fuel is consumed during the combustion event. Due to the constant volume, pressure, and
temperature of the chamber before the injection event; there are no areas within the combustion
chamber where the fuel does ignite and burn completely.
ULSD combusts faster and in a shorter time from SOI than F24. From SOI, ULSD has
completely burned by 6.04 ms, where at the same time interval only approximately 88% of F24
injected mass has burned. F24’s combustion requires an additional 1.08 ms to completely burn,
7.12 ms after SOI.
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Figure 4.8: CVCC Mass Fraction Burned

4.8

Apparent Heat Release Rate and Low Temperature Combustion Region Analysis,
CVCC
The PAC CID 510 is utilized for the ID, CD, DCN determinations as well as the com-

bustion phasing of the researched fuels in a static setting. This static combustion phasing analysis
includes the investigation of cool flame formation and negative temperature coefficient (NTC) regions within the low temperature heat release region (LTHR) of the apparent heat release rate
(AHRR). Also the high temperature heat release regions of the AHRR are analyzed. The AHRR is
a measurement of the amount of use able work, measured in megawatts (MW), from the combustion of the research fuel. The AHRR is the amount of energy that remains in the chamber after the
combustion event to increase the temperature in the surrounding environment (Soloiu 2020).
The DCN is determined using the ID and CD of the researched fuels. The ID is defined
as the period beginning at the start of injection (SOI), 0 ms, to the peak of the LTHR region. The
CD is defined as the period beginning at SOI and continuing until the peak pressure rise rate, or
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peak of the AHRR curve of the fuel. The start of combustion (SOC) is recognized to begin at the
lowest point of the NTC region, directly before the AHRR curve begins to slope positively. The
end of combustion is defined as the point where the AHRR curve crosses 0 MW for the first time
after the HTHR event. All oscillations after the HTHR event crosses 0 MW are considered ringing.
The LTHR region, which is made up of the cool flame formations as well as the NTC region, is
directly linked to reduction of harmful emissions in piston engines (Soloiu 2019).
The LTHR region is a region created during the combustion of fuels that is related to
the emission outputs of said fuel. It is comprised of the region where cool flames form, decay, and
quench, as well as the NTC region. The magnitude and duration of the LTHR, as a whole, and NTC
region are related to emissions performance of internal combustion engines. These regions make
up the backbone of LTC methods in internal combustion engines, as mentioned in the literature
review of this manuscript.
The NTC region is significant because it is a region in which a faster dissociation
of chain-branching intermediates occurs during an environment of increasing temperature. This
causes a negative correlation between the energy used to decompose these hydrocarbon branches
and the energy released from the reactions.
The full combustion duration is measured from when the AHRR crosses over 0 MW for
the first time after injection, until it crosses 0 MW after the HTHR event. Figure 4.9 defines these
regions as well as the low temperature heat release range in this study, which is identified from
approximately 850 K to 950 K.
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Figure 4.9: CVCC AHRR Definitions

The full AHRR trace of ULSD and F24 are displayed in Figure 4.10. F24 combusts over
a longer period, compared to ULSD, creating a flame front that requires a longer combustion duration to propagate through the combustion chamber in order to burn all the injected fuel. ULSD’s
combustion duration, approximately 3.48 ms, is quicker than F24’s 4.04 ms by approximately 0.5
ms due to the reason above.
ULSD has a larger peak AHRR of 4.45 MW, compared to F24’s peak of 3.71 MW. It
is apparent in Figure 4.10 that ULSD has a steeper slope and narrower curve during its HTHR
comapred to F24. This further confirms that ULSD undergoes a quicker and more reactive combustion.
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The AHRR in this static setting identifies how the flame front may react in the dynamic
setting of the research engine. It appears that ULSD will ignite earlier, have a larger peak pressure
rise rate, and burn the injected fuel closer to the injection event. F24 will have more of a delay, but
have a smoother flame front and combustion stability, reducing the overall ringing events occurring
after the main combustion event.

Figure 4.10: CVCC AHRR of F24 and ULSD

A large component of the combustion phasing in the dynamic and static settings are the
LTHR regions. The LTHR regions in the CVCC are displayed in Figures 4.11 and 4.12, with
notable regions of the LTHR defined.
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Figure 4.11: LTC Regions of ULSD within the CVCC

Figure 4.12: LTC Regions of F24 within the CVCC
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The LTHR region for ULSD begins approximately 2.5 ms after SOI and has a duration
of 1.88 ms. Within ULSD’s LTHR region the cool flame formation has a reduced peak and shorter
periods of quench compared to F24. The NTC region for ULSD has a slight negative slope to a
plateau, then another slight negative slope going into the large ignition of the fuel and the HTHR.
This region is longer in duration to the NTC region of F24; however, it is much shallower and at
lower MW values.
Both F24 and ULSD have a LHV of 41.8, however F24 releases slightly more energy
in joules compared to ULSD even though ULSD has a significantly larger peak HTHR value than
F24. F24 releases 2645.6 J compared to ULSD which releases 2610.0 J. This could be due to the
LTHR region of F24. F24 has a much longer period of LTHR compared to ULSD as well as it
releases more combustion energy in the same phase.
During the cool flame portion of F24’s LTHR, there are more quenching events of the
flame front compared to ULSD, while also achieving a larger peak LTHR than ULSD. The NTC
region of F24 is shorter in duration compared to ULSD but has a much steeper curve. F24’s
hydrocarbon chains require more energy from the surrounding environment to break down into
such a chain that can produce a significant amount of energy through its decay. At the lowest
point of the NTC of F24, there is a sharp upwards slope that maintains through the HTHR. This
is an indication that once the hydrocarbon chains are decayed into chains that produce positive
energy in an environment of increasing temperature, the chain reaction causes all of the available
hydrocarbons to ignite and produce the main HTHR region of F24.
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Table 4.6: Full CVCC Results Overview, Repeated

The Table above contains all the durations, energy release in Joules, and peaks of the
fuels in the LTHR and HTHR regions. It is apparent that ULSD produces less energy in Joules
compared to F24, even though both fuels have identical LHVs. This occurs due to the ringing
events occurring after peak AHRR. The ringing events after HTHR are much more pronounced
during ULSD’s combustion. This is due to excess fuel being ignited and quickly quenched that
wasn’t consumed during the main HTHR event.
In this study the measurement for Joules is recorded during the combustion duration.
As stated previously, the combustion duration begins when the AHRR crosses 0 MW for the first
time until EOC, where AHRR passes over 0 MW for the first time. In the case for ULSD, there
are more ringing events after the EOC compared to F24 which has much fewer ringing events after
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EOC.
The ignition quality for all fuels are dependent on their hydrocarbon composition. Nparaffins have a high ignition quality, while aromatic and naphthenic compounds have a low ignition quality (Heywood 1988). Additionally, how the fuel-air mixture is prepared has a significant
effect on the autoignition quality of the applied fuels during the operation of a CI engine. In the
case of the CVCC, the fuel air mixture is equal for all testing. Only the compounds present in the
fuel blend influence the ignition quality. From the results, it is apparent that ULSD contains more
of the high ignition quality n-paraffins compared to F24. F24 must contain more of the lesser quality aromatic and naphthenic compounds, with the additives included in F24 either including these
compounds or heightening the effect of them. The larger presence of aromatic and naphthenic
compounds will have a significant effect in the CRDI research engine (Heywood 2018).
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CHAPTER 5
FIRED ENGINE RESULTS AND ANALYSIS
5.1

Intake Pressure
The intake pressure of the CRDI research engine for baseline trials and boosted trials is

depicted in Figure 5.1. The intake pressure is measured from an intake pressure sensor located
directly before the intake valve. Both the baseline and boosted intake pressures follow identical
pressure traces. As Figure 5.1 depicts, from 0 CAD until approximately 135 CAD there is a drop in
the intake pressure. The engine is in its intake stroke, thus the intake air is drawn into the cylinder
dropping the intake pressure. Up until this point the difference in boosted mode and the baseline
mode is 0.24 bar, the exact amount of boost pressure added into the engine. After the valve closes
at approximately 270 CAD, the intake valve is closed and as depicted in the Figure, the boosted
air begins to build more pressure than the 0.24 bar being added in-cylinder. This is due to the
compressibility of intake air against the closed intake valve.
Additionally since the CRDI research engine is a single cylinder engine, there are no
additional cylinders operating in their intake stroke that would be making use of the continuously
boosted intake air. After TDC and at approximately 450 CAD, the valve overlap between the intake
and exhaust is occurring, where this boosted air is aiding in the evacuation of the exhaust gases.
At this point in the cycle, the 0.24 bar difference between baseline and boosted mode returns and
the boosted intake air is no longer compressing against the closed intake valve.
EGR mode adds additional intake air compared to the baseline CDC, but is indistinguishable compared to CDC when graphed.
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Figure 5.1: CRDI Research Engine Intake Pressure

5.2

Combustion Pressure, CRDI Research Engine
Figure 5.2 is the indicated diagram for the CRDI research engine. It displays the com-

bustion pressure against piston displacement of the engine. ULSD is the fuel utilized for this
Figure.
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Figure 5.2: CRDI Research Engine Indicated Diagram, CDC and boost

As depicted in Figure 5.2, the peak combustion pressure is far greater in boosted modes
compared to CDC modes. boosted mode also has a narrower trace than that of the CDC or baseline
mode. This is an indication of boosted modes having higher combustion efficiency. Due to the 0.24
bar of added intake air, when both the exhaust and intake valves are overlapping during the cycle,
the exhaust air is evacuated faster. Finally, adding boost increases efficiency by introducing more
moles of air in-cylinder before the injection event, allowing the engine to inject less fuel to maintain
the 5 bar IMEP load.
The in-cylinder pressure is measured in real-time and recorded throughout all the experimental trials. The peak pressures and pressures recorded during combustion are provided in the
following Figures. For all Figures, a motoring curve is provided for the in-cylinder pressure of the
research engine when there is no combustion present.
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Figure 5.3: CRDI Research Engine Full Pressure Trace

Figure 5.4: CRDI Research Engine Full Peak Pressures

The full pressure traces of all the combustion experiments are provided in Figure 5.3 and
the peak pressures are provided in Figure 5.4. In the CDC trials, the combustion pressure of F24
has a larger peak pressure and sustains a larger pressure signature compared to ULSD throughout
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the cycle. F24 maintains an average of 1.23 bar higher pressure compared to ULSD from the
CAD increment of 358° through 370° CAD. The trials with boost added have an intake pressure
approximately 10 bar larger than that of the motoring curve. This is due to the added intake air
from the supercharger which is compressed further during the compression stroke. Additionally,
ULSD boost and ULSD PFI have almost identical pressure traces, but the orange line of the PFI
test is located directly above that of ULSD boost. The combustion phasing between the PFI test
and boost test with ULSD as the DI fuel are significantly different, which will also be discussed in
future chapters.
F24 has higher combustion pressures compared to ULSD in all trials. The difference
between the researched fuels in combustion pressure becomes larger when EGR is added and is
lower when the supercharger is utilized. During CDC and the PFI modes, F24 is 1.4 bar larger than
that of ULSD at the same modes, this is interesting due to the vast differences between CDC mode
and the PFI mode. Overall, ULSD obtained better thermal efficiency over all the testing, which
will be discussed in later chapters.
Table 5.1: Combustion Pressure Peaks of F24 Compared to ULSD

The added intake air from the supercharger not only increases the pressure during the
compression stroke by approximately 10 bar, but it also causes the fuel/air charge to ignite earlier
in the cycle compared to CDC. SOI is located at 344° CA (16° BTDC) and the sharp pressure rise
resulting in combustion of the charge occurs approximately 2 CAD earlier for both fuels (approximately 354° compared to approximately 356° at CDC). The forced intake air decreases the overall
temperature of the combustion event, it also reduced the amount of fuel required to maintain the
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5 bar IMEP load for both researched fuels. Figure 5.5 contains the pressure traces for the boosted
Trials, with ULSD and F24 CDC as a baseline.

Figure 5.5: CRDI Research Engine Pressure Trace, boost

Figure 5.6 contains the pressure traces for the trials containing EGR, with ULSD and
F24 CDC as a baseline. For Figure 5.6, the color of the pressure traces and pressure limits are
altered to analyze the pressure traces with more precision. The EGR air has a heat exchanger that
is separate from the intake heat exchanger utilized for the supercharger. The supercharger air heat
exchanger was not in use during the EGR experiments. Even with the added EGR air entering the
cylinder, the ignition of the fuel-air charge for both ULSD and F24 is nearly at the same CAD as
the CDC trials. ULSD EGR has a pressure trace that is nearly identical to F24 CDC, with F24
EGR having a larger peak pressure and sustained pressure trace than that of F24 CDC and ULSD
EGR. The combustion durations of the EGR trials are extended compared to the CDC trials, while
consuming less fuel in-cylinder compared to CDC trials.
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Figure 5.6: CRDI Research Engine Pressure Trace, EGR

Figure 5.7 contains the pressure traces for the trials containing PFI, with ULSD and
F24 CDC as a baseline. The additions of EGR and boost caused the PFI tests to have the largest
peak pressures, with F24 PFI having the largest peak pressure of 73.5 bar. ULSD PFI matches its
peak with ULSD boost of 72.1 bar, falling short of F24 boost with a pressure peak of 72.9 bar.
According to the pressure trace, the entire fuel charge is ignited over a very short period, even with
the early injections of PFI and the pilot injection at 60° BTDC. The PFI fuel swirls in-cylinder
during the intake stroke cooling down the cylinder temperature. The addition of an early injection
with the set injection duration is an attempt to begin the ignition of the n-butanol; however, the
whole air-fuel mixture does not ignite until main charge and second charge is injected into the
combustion chamber. The PFI trials achieve the largest combustion duration, with ULSD PFI
having a duration of 54° CA and F24 PFI being extended further with a duration of 60.48° CA, the
combustion phasing of all the trials are discussed in future chapters.
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Figure 5.7: CRDI Research Engine Pressure Trace, PFI

5.3

Combustion Temperature
Intake temperatures varied during all trials. Both EGR and boosted combustion trials

have individual heat exchangers that cool the additional intake air entering the engine. Boosted
trials have a water-cooled jacket that intake air travels through before entering the engine. During
EGR trials, the EGR piping has a dedicated heat exchanger, as well as the same intake air heat
exchanger utilized during the boosted experiments. Further reduction stems from the addition
of PFI through the port. In the case of temperature, the two factors of additional intake air as
well as the delayed reactions due to the low reactivity of n-butanol are the most conducive to a
longer combustion delay. The baseline tests, or CDC, have the highest temperatures in intake and
combustion because there is not any forced, cooled, air entering the combustion chamber. The air
that is present PFI in trials, that utilize both boost and EGR, have the lowest intake temperatures.
The peak combustion temperatures of all trials are in Table 5.2 and Figure 5.8 below
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Table 5.2: CRDI Research Engine Peak Combustion Temperatures

Figure 5.8: CRDI Research Engine Peak Combustion Temperatures

As seen in Figures 5.10 and 5.11 increasing the intake volume of air decreases the incylinder temperature during the compression stroke. In the case of EGR, this extra volume of air
not conducive for autoignition due to it bringing a lot of soot from the exhaust back in-cylinder.
This dilutes available oxygen for combustion and is intended to reduce in-cylinder temperature.
Boost is added to increase the available oxygen in-cylinder to reduce fuel consumption while
maintaining load. This reduces the overall temperature in the compression stroke and the chemi-
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cal reaction that produces combustion has an ample amount of oxygen to react with the atomized
fuel. This ample amount of oxygen in-cylinder shortens the combustion duration and increases
combustion efficiency. Both of these increases lead to reductions of the in-cylinder formations of
soot. Introduction of n-butanol, with EGR, and boost reduces the compression temperature to the
lowest value across all trials. The PFI of n-butanol absorbs heat due to its low reactivity on top
of the temperature reductions caused by the boost and EGR. It appears the addition of PFI has the
most profound effect on the temperature. The reduced reactivity of n-butanol with the SOI-1 and
SOI-2 injections creates an air/fuel charge that has an extended combustion duration.

Figure 5.9: CRDI Research Engine Combustion Temperatures, All
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Figure 5.10: CRDI Research Engine Combustion Temperatures, Boost

Figure 5.11: CRDI Research Engine Combustion Temperatures, EGR
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Figure 5.12: CRDI Research Engine Combustion Temperatures, PFI

5.4

Mass Fraction Burned, Lambda, and Combustion Phasing
Table 5.3 contains the combustion phasing (CA10, CA50, and CA90) as well as the

combustion duration (CAD of CA10-CA90) of all trials in this study. Additionally, the mass
fraction burned (MFB) of the fuels as well as the air fuel ratio, lambda, is presented in Table 5.4.
CA10 is the CAD for which 10% of the injected fuel mass has been consumed due to combustion,
where 50% is CA50 and 90% is CA90. Each trial was able to burn at least 90% of the injected
fuel, resulting in all trials containing a CA10, CA50, and CA90 as well as a combustion duration
to analyze across all points.
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Table 5.3: CRDI Research Engine Peak Combustion Phasing

Table 5.4: CRDI Research Engine MFB and Lambda

F24 produced an extended combustion duration throughout all testing, compared to
ULSD, With the only exception being F24 CDC. F24 also had a leaner air fuel mixture throughout
all trials besides in the CDC trials. The CA10 for F24 and ULSD under CDC and boosted trials
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is 355.74°. For the PFI trials and EGR trials the CA10 is 355.92°. CDC and boosted trials do
not have any parameters that inhibit the combustion of the fuel, unlike EGR and PFI trials where
their additions are to extend combustion and flame front in-cylinder. ULSD operating in EGR
and CDC modes are similar; however, F24 CDC has a shorter duration compared to ULSD CDC
by a CA of 0.46°. This difference is made in approximately 0.2° increments from the CA50 and
CA90 marks. Boosted trials yielded the shortest combustion durations of 43.20° and 44.81° for
ULSD boost and F24 boost, respectively. The CA10 for both trials are identical; however, the
CA50 for F24 boost was reached earlier in the cycle than ULSD boost. ULSD boost contained a
CA90 of 389.94° where F24 boost had an extended combustion duration of 400.56°. Combustion
durations are approximately 2° longer for F24 boost, compared to ULSD boost. F24 boost’s MFB
was approximately 1% lower than that of ULSD boosted. F24 boost also produced more UHC
compared to ULSD boost. Just as in previous trials, the CA10 of the EGR and PFI tests were
identical for each of the researched fuels at 355.92°. Additions of EGR extend the CA50 and
CA90 for both ULSD and F24. Like boosted trials, the combustion duration for the EGR trials has
F24 delayed by approximately 2°. Large deviations begin to occur when PFI is added in cylinder
with the other factors of EGR and boost are also implemented.
Both F24 and ULSD reach their CA50 mark approximately 10° after TDC; however, the
flame front for F24 continues to burn for an additional 6.48° after ULSD reached the CA90. The
combustion phasing of ULSD PFI and F24 PFI endure for 54.00° and 60.48°, respectively. ULSD
PFI had a more efficient combustion, holding a MFB of 91.89%, where F24 PFI had a MFB of
90.02. F24’s MFB is 1.87% less than ULSD at the same testing point.
The extension of the combustion duration is due to three main factors: chemical reactions that take place in-cylinder, in-cylinder temperature, and subsequently pressure. N-butanol is
a low reactivity bio-alcohol, and injecting this fuel in the valve port during intake stroke will reduce
the temperature of both the intake and compression stroke. This reduction in temperature is due to
the ability of n-butanol to absorb a large amount of heat energy before ignition. N-butanol’s low
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reactivity diminished the intermediate chemical reactions that propel the flame front through the
CA50 to CA90 portion of combustion. N-butanol contains oxygen within its molecule, which increases ignition quality of the fuel charge. Paired with additional boost pressure added in-cylinder
and 10% EGR, both factors further reduce compression temperature, causes the combustion phasing of both fuels to elongate. The increase of intake volume creates a much leaner air fuel mixture,
another factor that will elongate the flame front of combustion. The fuel air mixture is then more
reliant on the compression created in-cylinder by the engine, thus causing the CA90 to be reached
significantly further in the stroke compared to the other trials.
The air-fuel ratios for all the researched trials are very lean, with a Lambda value of 2.76
as the richest air fuel ratio, achieved by F24 CDC. Except for the F24 CDC trial, F24 consistently
had the leanest air fuel ratio compared to that of ULSD. However, except for F24 CDC, F24 consistently has the worst combustion efficiency compared to the trials with ULSD while maintaining
the leanest air-fuel ratios.

5.5

Pressure Rise Rate
Pressure rise rate of all the trials are displayed in Figure 5.13; peak pressure rise rates

are show in Figure 5.14. In all the trials, F24 has a larger peak pressure rise rate compared to
ULSD, except during the PFI testing. This increase in pressure rise rate signifies that F24 produces
more of an explosion in-cylinder compared to ULSD’s flame front that takes place throughout the
entire power-stroke. A factor that may have caused this phenomenon for all F24’s trials, excluding
CDC; F24’s combustion had a leaner lambda. Due to a leaner air fuel ratio, F24 trials become
more dependent on in-cylinder pressure to ignite the fuel air mixture compared to trials that contained richer air fuel mixtures. Additionally, F24 produces more unburned hydrocarbons (UHC)
compared to ULSD, almost three times more in CDC mode. The emissions productions of each of
the trials will be discussed further in future chapters.
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Figure 5.13: CRDI Research Engine Pressure Rise Rate, Full

Figure 5.14: CRDI Research Engine Pressure Rise Rate, Peaks
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The addition of EGR reduces the peak PRR, and extends the combustion, as seen in
Figure 5.15. F24 EGR maintains the same CAD point where ignition begins as both CDC trials,
with a steep PRR, but the peak is dampened due to the addition of EGR. With less oxygen present
in-cylinder, the combustion produced consumes the available oxygen faster. F24 consumes the
available oxygen very quickly in both CDC and EGR trials due to the leaner lambda; this is identified due to both trials having nearly identical PRR traces until F24 EGR plateaus and is extended in
duration. ULSD EGR is affected more by the addition of EGR because it consumes the available
oxygen in-cylinder at a reduced rate compared to F24. Due to this, the ignition of ULSD EGR is
later than that of F24 EGR and has an extended duration.

Figure 5.15: CRDI Research Engine Pressure Rise Rate, EGR

Both boosted trials result in a pressure rise rate and combustion duration that occurs
sooner with shorter duration compared to their CDC trials. ULSD boost has a significantly earlier
beginning PRR than F24 boost due to the richer lambda. F24 boost recorded a lambda that is
0.51 larger than that of ULSD boost. Due to this leaner lambda the pressure rise rate occurring
due to combustion occurs later in the cycle compared to ULSD boost, but still earlier than both
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CDC trials. ULSD boost, the blue solid line in Figure 5.16, appears to have many pressure rises
and declines after the peak. These are subsequent combustion events occurring after the main
combustion event, known as ringing.

Figure 5.16: CRDI Research Engine Pressure Rise Rate, boost

PFI testing included a larger amount of intake air compared to all other trials. This came
in the form of EGR additions and boost. As a result of the combination of these factors, the pressure
rise rate of the PFI testing was much earlier and had smaller peaks compared to the CDC trials.
The earlier the PRR, the larger the area under the curve is and the shallower the peak. This effect
is seen in the trial with F24 PFI. ULSD PFI has a larger peak and narrower area under the curve
stemming from the later pressure rise rate. The PRR trace of ULSD PFI is closer in relation to the
CDC trials compared to F24 PFI. Additionally, the combustion duration of F24 PFI has the longest
CAD duration, where ULSD PFI is less extended, with similar CA50 compared to the other ULSD
trials.
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Figure 5.17: CRDI Research Engine Pressure Rise Rate, PFI

5.6

Ringing Intensity
Ringing Intensity is a measurement of the combustion stability of a fuel, as mentioned in

the chapter containing the combustion analysis in the CVCC. This equation is derived from the first
law of thermodynamics; in the dynamic setting of an instrumented research engine the equation
for ringing intensity is defined as equation 5.1.
(β( dP
) )2 p
Dt max
γRTmax
RI =
2γPmax

(5.1)

Equation 5.1 utilizes peak pressure rise rate, the maximum temperature, and the peak
pressure of the averaged cycle per trial. R is the ideal gas law constant and γ defines the specific heat capacity. Finally, β is a coefficient that scales the pressure oscillations after the main
combustion event. (Soloiu 2019, Jia 2011).
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Results of the trials conclude that utilizing F24 as the DI fuel, except with F24 PFI,
yielded the smallest amount of ringing intensity comaprd to ULSD. The largest difference occurring during trials occured when boost is added during F24 DI. F24 resulted in a decrease of RI by
3.26 times lower than that of ULSD boost. ULSD having the largest values for RI can be attributed
to their shorter combustion durations compared to F24. The reduced duration allows for smaller
combustion events to occur in hot spots after the main event. This can be identified as the oscillations occurring in the AHRR and PRR Figures after the main combustion event. These events are
most pronounced in the ULSD boost AHRR trace, as after the main combustion event there are
large AHRR oscillations that occur at the approximately CAD range of 357° to 363°. Compared
to F24 EGR, there is one sharp upward oscillation after the main combustion event and diminished
oscillations after.
The reduced ringing occurring from F24 can also be attributed to the chemical makeup of the fuel. As mentioned prior, the combustion duration of the fuels is also partly reliant on
the chemical make-up of said fuels. F24 has a longer combustion duration due to the intermediate
combustion reactions that take longer to ignite compared to USLD. These intermediate combustion
reactions also affect the end of the main combustion event. After the main combustion event
utilizing F24 the remaining unburned hydrocarbons present in-cylinder will not ignite a second
time, unlike ULSD. This is the reason F24 has a lower RI compared to ULSD. During the PFI trials,
n-butanol dampens the combustion of ULSD in such a way that the RI is decreased significantly
after the main combustion charge. However, the PFI injection reacts differently with F24 as the DI
injection. The added fuel in-cylinder causes more RI oscillations to occur after the main charge.
The n-butanol that has been introduced does not fully ignite during the main combustion event
with F24. This causes small combustion events to occur afterward the main combustion event with
F24 as DI fuel resulting in extra oscillations and increased RI value.
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Figure 5.18: CRDI Research Engine Ringing Intensity, Peaks

5.7

Apparent Heat Release Rate Results
The first law of thermodynamics governs the AHRR and RI in this study. The first law

of thermodynamics is presented in equation 5.2 below.

∆U = Q − W

(5.2)

In this study, the first law of thermodynamics allows the thermal losses due to combustion
to be accounted for accurately, which is then utilized to calculate the AHRR. The AHRR equation
yields the change of heat divided by the CAD of the research engine’s crankshaft. The volume of
the whole cylinder V is accounted for with the pressure and volume per CAD of the crankshaft is
also accounted for in the AHRR equation. Finally, the constant γ is the ratio of the specific heat
capacities. The AHRR is calculated with equation 5.3.
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dQ
1
dP
γ
dv
=
V
+
P
dθ
γ − 1 dθ
[γ − 1] dθ

(5.3)

Figure 5.19 contains the AHRR traces for the baseline trials of F24 CDC and ULSD
CDC. The peaks for all trials are in Figure 5.20 and the AHRR traces for all trials are depicted
in Figure 5.24. F24 CDC yields the largest peak AHRR with a value of 103.0 J/deg. This can be
attributed to a larger amount of fuel that is needed for F24 to maintain a 5 bar IMEP load during
injection. Throughout this study within the research engine, it was found that F24’s chemistry
composes of more aromatic and naphthenic compounds compared to ULSD. These compounds
diminish the initial ignition quality of the F24’s combustion reactions leading into the main AHRR.
Due to this, F24 ignites its fuel charge simultaneously once the proper amount of heat energy and
pressure has been reached. Once this main combustion event occurs, a longer combustion duration
follows due to the fuel charge not fully combusting during this main event. The flame front endures
a longer CAD range, resulting in a larger area under F24’s AHRR trace. F24 CDC burns more
of the injected fuel during this baseline with this extended combustion duration and flame front,
resulting in more efficient combustion in the baseline trials. ULSD CDC results in a smaller peak
AHRR but a shorter combustion duration compared to F24. Even with less fuel injected during
the CDC trials, ULSD has a reduced combustion efficiency than F24, with a value of 95.55%
compared to F24’s MFB value of 96.16%.
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Figure 5.19: CRDI Research Engine AHRR, Baselines of F24 and ULSD

Figure 5.20: CRDI Research Engine AHRR, Peaks
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The boosted trials as well as CDC trials for both fuels are in Figure 5.21. The boosted
trials are closely related to the PFI trials due to effect boost has on each trial. The addition of boost
had a greater effect on the AHRR trace of ULSD compared to F24. ULSD ignited earlier and
maintained a pronounced flame front, burning more of the injected fuel compared to F24 boost.
F24 boost maintained later ignition like F24 CDC, having a longer duration compared to ULSD
boost. F24 boost yielded a lower value for combustion efficiency of 96.16% compared to ULSD
boost’s mark of 97.11%; however, the RI emitted from F24 is 3.26 times lower than that of ULSD.
This signifies that boost aids in the ignition of the entire fuel charge and the challenges of igniting
the naphthenic and aromatic compounds in F24 are not as prevalent. Due to this, the end of the
flame front does not consume as much of the injected fuel after the main combustion event, causing
a reduced MFB compared to F24 CDC.
The peak AHRR for both trials with boost added were smaller than their CDC trials.
The peak AHRR for ULSD boost and F24 boost was 87.5 J/deg. and 95.3 J/deg., respectively. F24
boost and ULSD boost showed 8.9% and 7.4% reductions in peak AHRR compared with the CDC
baseline, respectively.
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Figure 5.21: CRDI Research Engine AHRR, boost

EGR trials as well as the CDC trials are depicted in Figure 5.22. The EGR trials greatly
extended the flame front of both fuels and diminished the combustion of both trials. F24 EGR
begins ignition at approximately the same CAD as F24 CDC does, but the flame front continues
beyond ULSD EGR. ULSD EGR ignites later in the stroke and achieves its CA50 in approximately
the same CAD as F24 EGR but concludes its combustion sooner than that of F24 EGR. Like the
other trials, F24 EGR has a longer flame front but fails to burn as much of the fuel mass injected
as ULSD, consuming approximately 1% less than that of ULSD EGR. The peaks of ULSD EGR
yielded larger results than that of ULSD boost; this is because more fuel was injected to maintain
the load of 5 bar IMEP. ULSD EGR’s Peak AHRR of 91.2 J/deg. is still lower than F24 EGR’s
mark of 93.9 J/deg.
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Figure 5.22: CRDI Research Engine AHRR, EGR

PFI trials as well as their CDC counterparts for ULSD and F24 are presented in Figure
5.23. The injection of n-butanol in port changes the AHRR of each DI fuel radically. The early port
injection of the low reactivity n-butanol during the intake stroke cools the in-cylinder temperature;
next the pilot injection occurring at 60° BTDC primes the cylinder for the main injection (SOI-2)
of high reactivity fuel. The addition of boost in-cylinder forces a large amount of mixing to occur
prior to the main injection and after the main injection. This mixing creates a homogeneous charge
that once the main injection occurs, ignites all the fuel in-cylinder together.
Increased pressure in-cylinder caused by the added boost ignites the charge early in the
cycle, but due to the low reactivity n-butanol present in the blend and added EGR, both blends
have a prolonged combustion duration. F24 PFI ignites earlier than that of ULSD PFI. This can
be attributed to the pilot injection enhancing the progression of the intermediate reactions of F24’s
combustion. This creates the large AHRR reaction and peak. After this peak the remaining fuel
in-cylinder is consumed over a longer period aiding in the reduction of soot, as well as UHC in the
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case of F24. F24 PFI may have ignited earlier and maintained a prolonged combustion duration,
but the aromatic and naphthenic hydrocarbon compounds failed to continuously burn. Due to this,
F24 PFI produces the lowest MFB of all trials. ULSD PFI ignites later in the cycle and has a
shorter combustion duration but burned more of the injected fuel compared to F24 PFI.

Figure 5.23: CRDI Research Engine AHRR, PFI
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Figure 5.24: CRDI Research Engine AHRR, Peaks

5.8

Low Temperature Heat Release of Fired Engine Trials
From the trials within the research engine, it has been concluded that the NTC region is

engine specific, but cool flame regions outside the NTC region are trial specific. As noted in the
following Figures, there is a heat absorption event approximately 345°. This is occurring due to
the injected DI fuel which is injected at 344 CAD and the atomizing fuel is absorbing in-cylinder
heat. All trials contain this absorption event due to the SOI-2 injection being maintained at 16°
BTDC. Small deviations to this phenomenon also occur during all the trials. The region following
the true injection event cooling region is a region of cool flames, a region of ignition and quench
of the intermediate reactions before HTHR (Heywood 2018). Depending on the fuel and the trial
this region will differ. All LTHR region of the AHRR of the trials are provided in Figure 5.25.
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Figure 5.25: CRDI Research Engine Injection Cooling and LTC of AHRR

The baseline trials with F24 CDC and ULSD CDC LTHR traces are shown in Figure
5.26 below. Both F24 and ULSD in CDC mode contain the cooling due to fuel injection, and
two periods of quench followed by a slight quenching period before the HTHR event. All these
regions are highlighted in the Figure below. The LTHR region created by F24 CDC contains longer
periods of quench than that of ULSD. F24 CDC’s AHRR trace has a large period of quench due
to injection then followed by an upwards slope at approximately 347° CA, then this is followed
by a much larger quench than that of ULSD at the same CAD. A large ignition point is reached
for F24 CDC, and then quenched again at a lower AHRR value than that of ULSD CDC. Finally,
full ignition is achieved and is slightly delayed compared to ULSD. ULSD CDC contains some
quench in this region but the negative slopes that signify this quench are less intense than that of
F24. Once ignition occurs and a large positive slope begins towards the full HTHR event, there
is one last slight quench region that does not endure the extended period compared to F24 CDC
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while also not delaying the beginning of HTHR.

Figure 5.26: CRDI Research Engine LTC Regions and Quench

The LTHR region created with the boosted trials are presented in Figure 5.27 with F24
and ULSD CDC as the baseline is provided. Both F24 trials mimic each other’s shape with small
variations of magnitude. ULSD with boost added dampens the LTHR region, but once the intermediate reactions begin to combust the added oxygen in-cylinder due to boost cause the whole to
charge to ignite. ULSD CDC produces a similar AHRR trace compared to ULSD boost, but the
HTHR begins later than that of ULSD boost. The first period of quench occurring directly after
the injection quench is more pronounced for ULSD boost. This may be due to the lowered amount
of fuel injected to maintain the 5 bar IMEP load, as well as the cooling effect caused by the supercharged air entering the cylinder. These large cooling regions have a pronounced effect on the
quench regions during boosted trials, but the large ignition event and the full HTHR occur sooner.

96
F24 boost’s LTHR region are less effected by the addition of boost in-cylinder compared
to ULSD boost. The AHRR trace created by ULSD boost has more pronounced periods of ignition
and quench compared to F24 CDC, while these periods are following the same trace as F24 CDC.
F24 boost is advanced more than F24 CDC, once ignition occurs there is a shortened period of
quench before HTHR is achieved.

Figure 5.27: CRDI Research Engine LTCR, boost

The LTHR region created with the trials that include EGR is presented in Figure 5.28
with F24 and ULSD CDC as the baseline. The AHRR trace produced in the EGR trials of ULSD
is similar the ULSD CDC trials. The largest differences between the two trials are that the NTC
region for ULSD EGR is advanced, the periods of quench are larger, and the final period of quench
before full HTHR is much more pronounced. This large period of quench at the end of the LTHR
region delays the full combustion event of ULSD EGR. This is due to less oxygen being present
in-cylinder due to EGR as well as the cooling effect present with EGR.
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The additions of EGR in cylinder greatly affects F24’s ignition into HTHR, by elongating
the cooling due to injection by approximately 2° CA compared to all other AHRR traces in Figure
5.25. This extended cooling causes the LTHR region to have periods of less quench after the
injection cooling event. This is because the environment in-cylinder directly before HTHR is much
different compared to the other trials. The piston is much closer to TDC after the cooling event due
to injection, thus the environment is hotter and under more pressure. The increased temperature
and pressure causes the fuel to rapidly ignite and combust, preventing any more quench events.

Figure 5.28: CRDI Research Engine LTCR, EGR

During the trials where PFI is introduced, the in-cylinder environment is far different than
the other trials. PFI injections of n-butanol during the intake lowers the in-cylinder temperature
due to the low reactivity of this fuel absorbing a lot of the initial heat. However, n-butanol also
contains oxygen within its molecular structure, and the increase of oxygen content in cylinder
decreases ignition delay. This is the same decrease in ignition delay compared to adding boost in
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cylinder, except on a smaller scale. In short, more oxygen in-cylinder decreases the ignition delay
of the fuel mixture (Heywood, 1988).
Additional cooling of the in-cylinder environment occurs when boost is added. This is
occurring due to boost leaning out the airfuel mixture, or increasing the value for lambda. Finally,
the pilot injection at 300° CA further removes heat from the cylinder. These factors cause F24
and ULSD PFI to have their AHRR traces begin lower compared to their baseline counterparts.
However, the fuel already present in-cylinder already has a lot of heat energy due to the increasing
pressure and temperature as the piston is undergoing its compression stroke. When the main DI
injection occurs, SOI-2, there is the initial cooling event in the AHRR trace due to this injection.
This is then followed by an increase, then just one additional cooling event before the whole charge
ignites. The compression stroke causes the fuels already present in-cylinder to be completely
vaporized before the main DI charge. Once the DI charge is injected, it is easier for the entire
charge to ignite (LYN 1963). Additionally, since there is already a large amount of DI and PFI fuel
present in-cylinder, the DI injection charge requires less fuel to maintain the 5 bar IMEP load. Due
to less fuel being injected for the SOI-2 injection, there is less of a cooling phenomenon occurring,
which leads to a quicker ignition in the PFI trials.
The LTHR AHRR traces of ULSD PFI and F24 PFI are very similar. The initial cooling
due to SOI-2 injection has an extended delay for F24 PFI compared to ULSD PFI. The quench
event occurring after the initial injection cooling is shorter for that of F24 PFI compared to ULSD
PFI, causing F24 PFI to ignite sooner than that of ULSD PFI. As stated before, ULSD PFI’s AHRR
begins in a cooler state compared to F24 PFI causing this extended delay in ignition.
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Figure 5.29: CRDI Research Engine LTCR, PFI
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CHAPTER 6
FIRED ENGINE EMISSIONS ANALYSIS
6.1

Emissions Analysis Overview
All emissions data collection and analysis utilize a MKS 2030 FTIR and an AVL Mi-

crosoot model 483. The MKS FTIR analyzes 21 different emissions species. Of these species,
N Ox , CO, CO2 , formaldehyde, UHC, and BSFC will be analyzed further in the following chapters. Soot is analyzed using the AVL Microsoot 483.
The gaseous emissions produced by the CRDI research engine are measured after the
exhaust valve, with no after treatment systems or exhaust filters implemented in the exhaust system.
Table 6.1 is a comprehensive Table with all the analyzed emissions for all trials conducted in this
study.
Table 6.1: Fired Engine Emissions Results, Overview

6.2 N Ox Emissions
The N Ox emissions studies are conducted for all trials. It was determined that the trials
which included 20% EGR in-cylinder reduced N Ox emissions the most for research fuels. ULSD
EGR emitted the lowest amount of N Ox emissions with a value of 4.76 g/kWh. F24 EGR emitted
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approximately 1 g/kWh more N Ox than that of ULSD EGR. All ULSD trials, without the inclusion
of PFI, resulted in lower N Ox emissions compared to that of F24. ULSD on average emitted
approximately 16% less N Ox than F24 over all trials compared to F24.
N Ox emissions are reliant on the amount of oxygen that is present in-cylinder for combustion and in-cylinder temperature (Rahmanian 2014). During the trials that introduced EGR the
recycling of exhaust gas lowered the oxygen content in-cylinder. Meanwhile, the trials that had
reduced temperatures produced larger values for N Ox . Those trials also had the shortest combustion durations relative to their respective category of trial. As discussed in earlier chapters, the
combustion pressure of all the F24 trials are larger than that of ULSD including the PFI trials. This
increased combustion pressure can be understood as trials that result in larger amounts of this combustion pressure had more oxygen in-cylinder. Additionally, the trials that had the largest amounts
of N Ox production also had the shortest combustion durations. F24 boost and ULSD boost both
had the shortest combustion durations of all the trials, whereas ULSD PFI had the shortest combustion duration per all the PFI trials, all of which contributed to the increase in N Ox emissions
outputs.
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Figure 6.1: Fired Engine Emissions Results, N Ox

6.3

CO Emissions
The CO emissions results are provided in Figure 6.2. ULSD and F24 yielded similar

results, with ULSD trials without PFI added resulted in better CO output. The same trials that
yielded lower amounts of CO emissions, also yielded better combustion efficiency. When F24
yielded a better combustion efficiency than ULSD in the CDC trial, ULSD CDC emitted 1.6 h/kWh
additional CO compared to F24 CDC. This can be attributed to trials with ULSD as the DI fuel
achieving a more complete combustion and better combustion efficiency compared to F24, except
in the CDC trial. PFI trials include the addition of boost and EGR to their combustion, and the PFI
fuel n-butanol. It is apparent that the addition of the PFI fuel increases the CO output. This is due
to the combustion efficiency decreasing from to the cooler combustion temperatures and increased
amount of fuel mass injected in-cylinder. It is apparent that CO emissions are directly related to
the combustion efficiency of the trial.
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Figure 6.2: Fired Engine Emissions Results, CO

6.4 CO2 Emissions
Figure 6.3 contains the CO2 emissions during all trials. CO2 is a large topic in GHG
emissions, as indicated in this studies literature review, and overall ULSD performed better compared to F24 except in PFI trials.
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Figure 6.3: Fired Engine Emissions Results, CO2

The average g/kWh of CO2 emitted during ULSD trials (not including PFI trials) were
1.16 % Volume lower than that of all of the F24 trials. Both ULSD and F24 preformed best in the
EGR trial. The more CO2 that is recycled back in-cylinder appears to aid in the reduction of CO2
emissions. Both F24 and ULSD PFI trials emitted substantially more CO2 compared to all the
other trials. This is due to the oxygen present within the n-butanol molecule. The oxygen atom is
already bonded to a carbon atom within the n-butanol molecule. Due to the low-reactivity nature of
n-butanol it appears that during combustion and subsequent breakdown of the hydrocarbon chain
produces more CO2 because only one more oxygen atom needs to bind to the CO bond already
present. Additionally, due to the high amount of UHC produced during PFI trials, more of these
bonds can occur from the partially broken-down hydrocarbon chains.
This additional oxygen aids greatly in the reduction of soot, however it provides more
oxygen to the free-carbon atoms created during combustion to bind to oxygen. This behavior is
also witnessed with the CO emissions.
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6.5

Formaldehyde Emissions
The results for all the formaldehyde emissions are provided in Figure 6.4 below. The

combustion of alcohols produces far more aldehyde emissions than combustion of just diesel (Kuo
2005, Westbrook 1984). This is apparent in the results achieved with the trials including PFI of
n-butanol. Additionally, ULSD PFI may have admitted more formaldehyde emissions due to the
better combustion performance compared to F24 PFI. In this scenario, the higher combustion efficiency hampered the emissions production of the trial. PFI trials emit more than 3.3 times more
formaldehyde emissions compared to the highest trial without PFI injections, that trial is F24 CDC.
For the trials without PFI, the addition of boost greatly reduces the production of formaldehydes.
This is most likely due to the increased combustion efficiency the trials with boost yielded compared to the other trials in this study.

Figure 6.4: Fired Engine Emissions Results, Formaldehyde
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6.6

Break Specific Fuel Consumption
The BSFC emissions produced by the experimental trials are in Figure 6.5. The values

for BSFC are obtained by adding the fuel flow rates of both DI and PFI fuels that are in units of
kg/hr, multiplying that value by 1000 to obtain grams, then divide that value by the effective power
in Kw produced by the engine. This equation obtains the BSFC in g/kWh. The most fuel injected
into the research engine throughout this study are the trials that include PFI injections. ULSD PFI
produced 31 g/kWh more BSFC emissions compared to ULSD CDC (27 g/kWh more compared to
F24 CDC), with a value of 226 g/kWh. F24 CDC produced only 23 g/kWh more BSFC emissions
compared to ULSD CDC (19 g/kWh more compared to F24 CDC), with a value of 218 g/kWh.
The values for BSFC are correlated with combustion efficiency, with the trials with the
lower values for BSFC have better combustion efficiency. ULSD boost has combustion efficiency
in this study with a value of 97.11%, and it also has the smallest value for BSFC. This is the same
for F24 boost, it has the best combustion efficiency per all the F24 trials with a value of 96.16%
and the lowest BSFC. Overall, the PFI trials have the least efficient combustion and worst BSFC
emissions. However, there is one instance during PFI trials where ULSD PFI produced the largest
value for BSFC while maintaining a better combustion efficiency than F24 PFI. Even though F24
PFI produced 8 g/kWh less than ULSD PFI for BSFC, its combustion efficiency is nearly a full 2%
less than that of ULSD PFI.
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Figure 6.5: Fired Engine Emissions Results, BSFC

6.7

Soot Emissions
The soot emissions are presented in Figure 6.6. The addition of n-butanol as a PFI fuel

yielded profound results. ULSD PFI yielded results that are 9.9 times lower soot emissions than
ULSD CDC and 7.5 times lower than F24 CDC. F24 PFI yielded results that are 2.7 times lower
than ULSD CDC and 1.9 times lower than F24 CDC. This reduction of soot is due to the multiple
DI injections and added oxygen due to boost with the supercharger that were included with the PFI
trials. (Panda 2020) Additionally, the n-butanol molecule contains an oxygen atom within. This
oxygen added in the n-butanol molecule causes n-butanol not to have soot as one of its emissions
when ignited and combusted (Sarathy 2012). Additionally, the pilot DI injection introduced in
the PFI trials aids in creating a homogenous charge within the combustion chamber along with
the intake of n-butanol as the PFI. This homogeneous air-fuel charge containing n-butanol, a fuel
for which will not contribute to the soot production, with increased oxygen content due to boost
creates an environment for combustion to emit a very low amount of soot. The addition of EGR
in-cylinder during the PFI trials has an insignificant effect on soot emissions.
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Regarding the trials that contain EGR and boost, the cooling effect caused by the introduction a larger volume of air in-cylinder decreases the temperature for which combustion occurs.
However, the EGR included in the cylinder does not bring extra oxygen in-cylinder like boost does.
This reduction of oxygen content causes the combustion reaction to not fully ignite as much fuel as
it would without the added EGR. These incomplete reactions cause the increase in soot emissions
(Chylek 2003). It is observed in the MBF results of the trials, that the trials that include EGR
have the least amount of the injected fuel burned. On the contrary, the trials that contain boost
have reduced soot emissions. The added oxygen that is introduced in-cylinder allows more of the
injected fuel to be burned, as noted by the MFB % increasing for the boosted trials.

Figure 6.6: Fired Engine Emissions Results, Soot

6.8

Unburned Hydrocarbons Emissions
A great point of interest during this study are the UHC emissions. Typically, dual fuel

methods which utilize a PFI fuel emit a larger amount of UHC due to the larger amount of fuel
in-cylinder as well as the lowered combustion temperatures, and this study is no different. F24 PFI
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emitted the largest amount of UHC emissions in this study, with F24 PFI emitting approximately
2.4 times more than that of ULSD CDC. F24 PFI emitted approximately 39% more UHC emissions
than ULSD PFI. F24 EGR emitted the most UHC emissions per trial that does not contain PFI.
ULSD PFI only emitted approximately 23% more UHC than F24 EGR. F24 EGR compared to F24
PFI results in F24 PFI emitting approximately double the amount of UHC emissions. Additionally,
for all trials not containing PFI of n-butanol, F24 emitted a greater amount of UHC than ULSD.
This can be due to the incomplete intermediate combustion reactions that take place during the
combustion of F24 in this research engine. This may be to the presence of aromatic and naphthenic
compounds in F24’s fuel composition, causing a lower ignition quality. Additionally, during trials
where PFI is introduced, F24 PFI emitted more UHC emissions than ULSD PFI. The PFI injection
further smothers the intermediate combustion events of F24 leading to even more of the larger
hydrocarbons to not ignite during the trial. Figure 6.7 contains the UHC emissions collected during
this study.
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Figure 6.7: Fired Engine Emissions Results, Unburned Hydrocarbons
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CHAPTER 7
CONCLUSIONS
An investigation was conducted to study the effects of low temperature combustion of
aerospace F24 compared to ULSD in a constant volume combustion chamber and a common rail
direct injected research engine. An expansive fuel analysis was conducted on the thermo-physical
characteristics of the researched fuels and a comprehensive analysis of the cool flames, NTC, and
LTHR region of F24 and ULSD within the static setting of the CVCC. Within the dynamic setting
of the CRDI research engine, eight trials were conducted under different engine parameters for
both F24 and ULSD. Of these trials, one was a baseline where there are no external additions such
as EGR or boost, a trial including 0.24 bar of boost, a trial including 20% additions of EGR, and
finally a trial containing 45% by mass additions of n-butanol port injected with additions of 0.24 bar
of boost and 10% additions of EGR. Each of these trials were conducted with both F24 and ULSD.
The combustion analysis of these trials included the combustion efficiency, combustion phasing,
peak pressure rise rate, combustion pressure, combustion temperature, apparent heat release rate,
low temperature combustion, cool flames region, and seven different emissions species.
The results of the fuel analysis aided in the determination of the fired engine parameters. Beginning with the researched fuel’s viscosity, the viscosity study results yielded that F24 had
lower viscosities at the test points of 26° C, 40° C, and 90° C, which are 48.9%, 43.9%, and 32.3%
lower than ULSD at each point, respectfully. The Thermogravimetric and Differential Analysis
(TGA – DTA) study concluded that F24 was much more volatile compared to ULSD. The results
for the TGA analysis determined that the temperatures at which 10%, 50%, and 90% of F24 vaporizes are 14.3%, 28.1%, and 32.1% lower than that of ULSD, respectively. The DTA results from
the study concluded that F24’s high volatility results in a larger peak DTA value of -19.4uV/mg,
13% larger than that of ULSD, and it occurs at lower temperatures compared to ULSD. The TGA
and DTA analysis concludes the fact that F24 absorbs more energy from the environment, and
releases said energy quicker and at lower temperatures compared to ULSD.
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The viscosity, DTA, and TGA results are directly related to the injected spray droplet
distribution of the researched fuels. A Malvern He-Ne laser was utilized for the injected fuel spray
droplet distribution study of the fuels, and this study determined that F24 contained on average, an
SMD value that is 18% lower than that of ULSD. Additionally, the largest droplet size per 10%
and 50% of F24’s spray yielded results that are 20.3%, and 24.1% lower than that of ULSD, respectively. The largest droplet per 90% of injected spray F24 was 1.6% larger than ULSD, this was
caused because smallest droplets in F24’s spray have already completely vaporized. Finally, the
lower heating value determination concluded with both ULSD and F24 containing approximately
identical energy densities of 41.8 MJ/kg.
Static setting LTCR determinations were conducted with a PAC CID 510 CVCC. Only
in-cylinder combustion pressure was measured with the CVCC, all other results are determined
through various equations and numerical models. Peak pressure and peak temperatures for both
ULSD and F24 achieved approximately the same measurements of 42.3 bar and 1837.5 K, respectfully. This can be due to the fuels having approximately the same energy density of 41.8
MJ/kg.
F24 produces fewer RI events after the combustion event, due to having a slower PRR,
and lower Peak PRR. The mass fraction burned (MFB) results from the researched fuels concluded
that ULSD burns its entire injected charge 16% faster than that of F24. ULSD completes its entire
combustion event in 6.04ms, where F24 required 7.12ms until full combustion completion.
ULSD maintains shortest low-temperature and high-temperature heat release, resulting
in the shortest total combustion duration as well. Also, F24 has the longest durations in the LTHR
while also having a longer ID and CD.
ULSD’s combustion durations per each region are shortened by 4.0% LTHR for, 23.2%
in HTHR, resulting in a total reduction of 13.8% for the total combustion duration. The Peak
HTHR and LTHR regions of ULSD and F24 yielded ULSD with the largest peak HTHR of 4.45
MW, where F24 yielded 3.71; whereas ULSD obtained a smaller LTHR peak of 0.22MW com-
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pared to F24’s value of 0.28 MW. This was due to the extended duration of F24’s LTHR region.
Additionally, it identifies the influence of the low ignition quality aromatic and naphthenic compounds more present in F24 compared to ULSD. This will have a great influence in the dynamic
setting of the CRDI research engine.
Eight fired engine trials were conducted in the CRDI research engine: the PFI trials contained the lowest combustion efficiencies, with F24 PFI containing the lowest overall combustion
efficiency at 90.02%, 5.53% lower than that of ULSD CDC at 95.55%. F24 consistently had lower
combustion efficiencies compared to ULSD, besides for F24 CDC, F24 CDC had a 0.6% advantage
over ULSD CDC.
The combustion phasing of the PFI trials of ULSD and F24 yielded increases of the combustion duration by 15% and 24.1%, respectively, compared to ULSD CDC. The most extended
regions for both trials were the regions from CA50-CA90. ULSD CDC’s duration during this
phase was 32.55 CAD, ULSD PFI’s phase was extended to 40 CAD, and F24 PFI’s CA50-CA90
was extended to 46 CAD.
F24 produced the largest peak pressures during all the trials. Compared to ULSD, F24
averaged 1.3 bar larger in pressure than ULSD at each experimental point.
The PFI trials had the lowest peak combustion temperatures of 1045.0 K for F24 PFI,
and 1016.9 K for ULSD PFI. Compared to ULSD CDC, F24 was 346.5 K lower and ULSD PFI
was 374.6 K lower. The addition of boost cooled the intake temperatures, additionally, the added
PFI of n-butanol further decreases the intake temperature, and overall combustion temperature.
F24 CDC contained the largest combustion temperature at 1425.6 K.
F24 boost yielded the smallest value for RI in this study, with ULSD boost yielding the
largest. The PFI trials yielded RI results that were similar in comparison to ULSD CDC.
The peak AHRR values of F24 in this study were larger than that of ULSD in all trials
except the PFI trials. F24 CDC had the largest peak in all trials with a value of 103 J/deg., 6.9
J/ deg. larger than that of ULSD CDC. ULSD CDC produced a peak AHRR of 96.1 J/deg. F24
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PFI acquired the smallest value for peak AHRR of 85.3 J/deg., ULSD PFI was slightly larger with
a value of 87.7 J/deg. Additionally, these values are consistent with the peak pressure rise rates
studied in this research.
Injections of n-butanol during the intake stroke reduced the in-cylinder temperature, additionally, the priming SOI-1 injection added during the PFI trials creates a homogeneous charge
in-cylinder before the main, combustion inducing, injection (SOI-2) was delivered. The combination of multiple DI injections and a PFI of n-butanol caused the ignition delay of the PFI fuels
to be shorter due to the rapid ignition after the main SOI-2 injection. The PFI trials ignited approximately 3 CAD earlier than the baseline trials, and then proceeded to combust over a longer
period due to the low-reactivity nature of n-butanol. However, the LTHR region was endured over
a longer period of time due to the abundance of fuel present in cylinder already creating small
combustion events pre-SOI-2. F24 PFI ignited earlier than that of ULSD even though it displayed
worse autoignition quality throughout the other trials of this study.
The largest in-cylinder emissions reduction during this investigation was with soot emissions. Soot emissions produced by the added PFI fuel were greatly minimized, ULSD PFI had a
reduction of 9.9 times lower than that of ULSD CDC, and F24 PFI had a reduction of 2.5 times
lower than ULSD CDC. These were the greatest emissions reductions of the whole study.

7.1

Hypothesis Statement - Conclusion
• The hypothesis for this research states:
Implementing PFI injections of low reactivity n-butanol with a pilot injection of the DI

fuel within a boosted CRDI research engine with added EGR will result in:
1. a shorter ignition delay,
2. an extended period of the Low-Temperature Combustion regions for of both F24 and ULSD,
3. decreases in the peak combustion temperature of both fuels, and
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4. great reductions of soot emissions and for both ULSD and F24 by amounts of almost 10
times lower.
The four points addressed in the hypothesis were found to be correct and future researchers will be able to easily reproduce these results following the experimental methods described in this manuscript. Explanations of each hypothesis point are as follows:
1. The ignition delay when implementing PFI injections of n-butanol with added boost and
EGR was shortened by approximately 3 CAD.
2. The LTC regions of F24 and ULSD began earlier and endured longer due to the pilot DI
injection and n-butanol PFI.
3. The peak temperatures of the PFI trials were significantly lower than that of baseline trials
for both F24 and ULSD DI fuels.
4. The soot emissions of ULSD PFI were reduced by 9.9 times compared to ULSD CDC, F24
PFI had soot reductions of 2.5 times compared to ULSD CDC

7.2

Criteria for Success - Conclusion
• The Criteria for Success for this research states:
The Investigations of the Low Temperature Combustion regions of F24 and ULSD in

both a Constant Volume Combustion Chamber and Common Rail Direct Injection Research Engine
must yield:
1. Identify and relate LTC regions in static setting of CVCC and dynamic setting of CRDI
research engine.
2. Using preliminary results, produce a trial in the CRDI research engine that extends LTC
region of both DI fuels of F24 and ULSD.
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3. Record and reduce in-cylinder emissions utilizing LTC extending trials.
4. Finally, create a repeatable study that can be built upon with future generations of graduate
students in the Aerospace and Automotive Combustion Laboratories at Georgia Southern
University.
The four points stated in the criteria of success are addressed in this manuscript. The
following four points correspond to the results gained through this study in relevance to the four
points mentioned in the criteria of success.
1. This study successfully identified the LTC regions in both the CVCC and CRDI research
engine. Both regions are diligently explained and presented within this manuscript.
2. This study successfully utilized preliminary results to implement an experiment that successfully extends the LTC regions for both F24 and ULSD operating within the CRDI research
engine.
3. This study successfully recorded and reduced in-cylinder emissions by utilizing extended
LTC regions within the PFI trials. ULSD PFI reduced in-cylinder soot emissions by 9.9 times
and F24 PFI reduced soot emissions by 2.5 times compared to the ULSD CDC baseline.
4. This study successfully created a platform for future generations of Georgia Southern University students researching in the Aerospace and Automotive Combustion Laboratories to
be able to repeat this study and build upon it for their own research studies.

7.3

Future Work
Future works will include the implementation of different PFI and DI fuels. A more

oxygenated DI fuel may have the ability to further reduce soot emissions, or a more oxygenated
PFI fuel may be able to increase combustion efficiency while still reducing soot emissions.
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A dynamic simulation is currently being worked on and perfected for this engine. Future
works entailing a thermo-fluid dynamic simulation to reduce engine and equipment run-time will
be pivotal to future research endeavors.
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